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A Water-Soluble Organic Photocatalyst Discovered for
Highly Efficient Additive-Free Visible-Light-Driven Grafting
of Polymers from Proteins at Ambient and Aqueous

Environments

Yungyeong Lee, Yonghwan Kwon, Youngmu Kim, Changhoon Yu, Siyang Feng,
Jeehun Park, Junsang Doh, Reinhold Wannemacher, Byungjin Koo,* Johannes Gierschner,*

and Min Sang Kwon*

Since the pioneering discovery of a protein bound to poly(ethylene glycol),
the utility of protein—polymer conjugates (PPCs) is rapidly expanding to
currently emerging applications. Photoinduced energy/electron-transfer
reversible addition—fragmentation chain-transfer (PET-RAFT) polymerization
is a very promising method to prepare structurally well-defined PPCs, as it
eliminates high-cost and time-consuming deoxygenation processes due to

its oxygen tolerance. However, the oxygen-tolerance behavior of PET-RAFT
polymerization is not well-investigated in aqueous environments, and thereby
the preparation of PPCs using PET-RAFT polymerization needs a substantial
amount of sacrificial reducing agents or inert-gas purging processes. Herein a
novel water-soluble and biocompatible organic photocatalyst (PC) is reported,
which enables visible-light-driven additive-free “grafting-from” polymeriza-
tions of a protein in ambient and aqueous environments. Interestingly, the
developed PC shows unconventional “oxygen-acceleration” behavior for a
variety of acrylic and acrylamide monomers in aqueous conditions without
any additives, which are apparently distinct from previously reported sys-
tems. With such a PC, “grafting-from” polymerizations are successfully
performed from protein in ambient buffer conditions under green light-emit-
ting diode (LED) irradiation, which result in various PPCs that have neutral,
anionic, cationic, and zwitterionic polyacrylates, and polyacrylamides. It is
believed that this PC will be widely employed for a variety of photocatalysis
processes in aqueous environments, including the living cell system.

1. Introduction

Post-translational modification of
proteins with a synthetic polymer largely
influences their properties.'3l From a
therapeutic point of view, in the case of a
protein attached to poly(ethylene glycol)
(i.e., PEGylation), stability, bioavailability,
and pharmacokinetic/dynamic properties
of the protein are enhanced, and immuno-
genicity is reduced.*® As a result, more
than 16 PEGylated protein drugs have
received approval from the US Food and
Drug Administration (FDA) and have
been used clinically worldwide.l In addi-
tion to conventional PEGylated proteins,
protein—polymer conjugates (PPCs) are
expected to play an essential role for a
variety of emerging applications such as
nanomedicine,®?! plastics degradation,[%
protein-based membranes/columns for
precious metal capture,™'? and enzyme
catalysis in chemical synthesis via manip-
ulating catalytic activity of enzymes in
organic media.l’]

Efficient and site-selective conjugation
of a structurally well-defined polymer with
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a narrow molecular weight distribution greatly enhances the
preparation efficiency of PPCs, and also reduces the difficulties
in purification as well as the unpredictable side effects caused
by nonspecifically modified proteins and by-/side products.6'
Moreover, this enables precise studies of “structure—property—
performance” relationships of PPCs, which accelerate the devel-
opment of new areas of applications based on PPCs. Therefore,
PPCs with a well-defined architecture and high uniformity
would be highly beneficial.

Combination of site-selective protein modification and
“grafting-from” reversible-deactivation radical polymerization
(RDRP) process has been regarded as one of the most
promising ways to afford well-defined PPCs with a high uni-
formity.l®® Since the seminal works by the groups of Lewis
and Leppard,['®” Maynard and co-workers,®1% Matyjaszewski
and co-workers,?%! precise modification of various proteins
with well-defined polymers has been realized by RDRP such as
atom-transfer radical polymerization (ATRP) and reversible addi-
tion—fragmentation chain-transfer (RAFT) polymerization.?"?2
However, these methods mostly require time-consuming
and expensive pre-deoxygenation processes including freeze—
pump-thaw and/or inert gas purging that also might cause pro-
tein denaturation and/or cell destruction (in the case of in situ
preparation of PPCs in living cells).[?3-%]

From a merger of RDRP with photochemistry, photomediated
RDRP (photo-RDRP) has become even more advantageous in
terms of mildness in reaction conditions and versatility of the
method.221 Photo-RDRP harnesses visible light as an energy
source and thus excludes heat that is used in conventional
thermally induced reactions, which prevents denaturation and
consequent loss of activity of protein. Particularly, photoinduced
electron/energy-transfer-RAFT (PET-RAFT) polymerization does
not require a prior deoxygenation process due to its unique
feature of “oxygen tolerance,”3%3l which eliminates the need for
external deoxygenation processes for PPCs’ syntheses. However,
while “oxygen-tolerance” behavior of PET-RAFT polymerization
has been well-investigated in organic solvents (i.e., dimethyl
sulfoxide (DMSO)), the studies in aqueous environments are still
scarce.’230 Therefore, the preparation of PPCs by PET-RAFT
polymerization requires a substantial amount of sacrificial
reducing agents such as tertiary amines and ascorbic acids or an
inert gas purging process, which limits the practicability of this
method;¥ it is noted in this context that PPCs should be pre-
pared in an aqueous environment to prevent the denaturation
of a protein. The development of new photocatalysts (PCs) that
afford an intrinsically “oxygen-tolerant” photocatalytic system
would resolve this problem; however, aqueous PET-RAFT
polymerization is substantially limited to several specific PCs
such as Ru(bpy);Cl,, Eosin Y (and its derivatives), and inorganic
PCs that require external additives (previously reported systems
on aqueous PET-RAFT are summarized in Figure S1 in the
Supporting Information).[37:40-42

Here, we report a new water-soluble and biocompatible
organic PC (i.e., "3DP-MSDP-IPN"; Figure 1a), which success-
fully proceeds visible-light-driven “grafting-from” PET-RAFT
polymerizations of a protein at ambient and aqueous environ-
ments without additives. To achieve this, water-soluble and
weakly electron-donating sulfonate moiety was introduced
in one of four donor groups of "4DP-IPN" with a strongly
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twisted donor—acceptor structure that has been known for
highly efficient organic PC for various organic reactions and
polymerizations.[=>1 Most excitingly, the discovered PC exhib-
ited unique “oxygen-acceleration” behavior in PET-RAFT poly-
merizations of a variety of acrylates and acrylamides in both
DMSO and aqueous conditions without any additives, which
is apparently distinct from previously reported systems.031
Combined experimental and theoretical studies suggested
that molecular oxygen acts as an electron shuttle to catalyze
the electron transfer between the PC in the excited state and
the chain-transfer agent (CTA) (Figure 1d). Here, the PC is
expected to play a critical role i) to generate singlet oxygen
that is a better oxidant as compared to triplet oxygen and ii) to
form superoxide radical anion (O,+") through electron transfer
with singlet and/or triplet oxygen, which is derived from the
unique photophysical and electrochemical characteristics of
3DP-MSDP-IPN. With the developed PC, we successfully
performed “grafting-from” polymerizations from a protein
in ambient buffer conditions under 515 nm green light-
emitting diode (LED) irradiation (=10 mW cm™2), which results
in a variety of PPCs having neutral, anionic, cationic, and
zwitterionic polyacrylates and polyacrylamides that have
rarely been reported before (vide infra). Our water-soluble and
biocompatible PC will be applicable to various aqueous photo-
catalytic and photo-electrocatalytic reactions besides prepara-
tion of PPCs.

2. Results and Discussion

2.1. Design Strategy

An ideal PC for visible-light-driven “grafting-from” polymeriza-
tion of a protein would be a water-soluble and biocompatible
molecule exhibiting high catalytic efficiency at ambient and
aqueous conditions without any additives that might result
in negative consequences for protein functions®>=#4 and/or
biological systems.’>>"] In particular, intrinsic tolerance of a
catalyst system for oxygen is in high demand due to the high-
cost, time-consuming, and bio-incompatible pre-deoxygenation
processes required.

In order to achieve oxygen tolerance in aqueous PET-RAFT
polymerization, the reductive quenching pathway has mostly
been used so far, instead of the oxidative quenching pathway
(Figure S1, Supporting Information). While the reductive
quenching pathway shows great oxygen tolerance, it should
require substantial amount of sacrificial reducing agents
such as tertiary amines and ascorbic acid;*®*% according to
very recent reports from Boyer's group, “oxygen accelera-
tion,” in which oxygen acts as an electron shuttle, could also
be attained in organic solvents through the carefully chosen
phthalocyanine PCs in the presence of tertiary amines
(vide infra).l®% Moreover, the reductive quenching cycle often
affords undesired side reactions and less controllability of the
polymerization,l which originates from the longer lifetime of
one-electron-reduced PC (PC™) being an active PC species in
a reductive quenching cycle as compared to that of the excited
PC species (Y3PC") being an active PC intermediate in an
oxidative quenching cycle.

© 2022 Wiley-VCH GmbH
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Figure 1. Characterization of 3DP-MSDP-IPN. a) Molecular structure and calculated highest occupied molecular orbital (HOMO) and lowest unoccu-
pied molecular orbital (LUMO) topologies of 4DP-IPN and 3DP-MSDP-IPN with experimentally evaluated E,0 and E,,” values (left). Jablonski diagram
of 3DP-MSDP-IPN in DMSO (right). b) UV-vis absorption spectra of 4DP-IPN, 3DP-MSDP-IPN, 3DP-DCDP-IPN, and 3DP-DMDP-IPN each dissolved
in the solvent indicated (10 x 107 m). The sticks represent oscillator strengths obtained by TD-DFT. c) Photoluminescence (PL) spectra of 4DP-IPN
and 3DP-MSDP-IPN in varying solvents (10 X 107 m) at room temperature before (dark line) and after (bright line) being degassed with Ar for 10 min.
d) Plausible mechanism for PET-RAFT polymerization facilitated by oxygen of limited concentration. e) Stern-Volmer plots for the PL quenching of
3DP-MSDP-IPN in DMSO (10 x 107 m) by CDTPA at room temperature. f) Stern-Volmer plots for the PL quenching of 3DP-MSDP-IPN in DMSO
(10 X 107 m) by oxygen at room temperature (dissolved oxygen concentration in DMSO at room temperature is known to be 0.33 x 1073 m(®°)).

Recently, we reported that cyanoarene-based PC, 4DP-
IPN, enabled the oxygen-tolerant PET-RAFT polymerization
of methyl methacrylate (MMA) without additives in organic
solvent, DMSO (Figure 1a).*! It has been suggested that a key
factor for the excellent oxygen tolerance of this system is the
efficient generation of long-lived triplet excited states of the PC.
The generated triplet excitons react with molecular oxygen to
produce reactive oxygen species (ROS) through a type I and/
or type II mechanism, which are subsequently consumed
by quencher (here, oxidation of DMSO to dimethyl sulfone),
thereby largely decreasing the concentration of dissolved oxygen
and consequently furnishing oxygen tolerance (i.e., “pre-deoxy-
genation” mechanism). Given all these facts, we hypothesized
that a water-soluble analog of 4DP-IPN would be a suitable PC
candidate for visible-light-driven “grafting-from” polymeriza-
tion of a protein. Surely, at the beginning, we did not expect
“oxygen-tolerance” behavior in aqueous environments without
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additives, because there are no ROS quenchers in aqueous
PET-RAFT polymerization conditions (vide infra).

In order to confer water solubility without perturbing the
electronic structures of 4DP-IPN, 3DP-MSDP-IPN was care-
fully designed, where one of the four donor groups was replaced
with sulfonate-substituted diphenylamine while retaining the
acceptor moiety (Figure 1a). Sulfonate substitution of diphe-
nylamine was chosen because the sulfonate group is known to be
water-soluble, biocompatible, highly stable in aqueous environ-
ments, and weakly electron-donating that may not influence the
electronic structure;®=%3 in fact, our density functional theory
(DFT) calculations show that the highest occupied molecular
orbital (HOMO) energy of diphenylamine-4-sulfonate is almost
equal to that of diphenylamine (-5.45 and —5.43 eV, respectively;
Figure S2, Supporting Information). Full details of the syntheses
and characterizations including 'H(33C) NMR and mass spec-
trometry are shown in Figures S21-S23 (Supporting Information).
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2.2. Biocompatibility and Photophysical/Electrochemical
Characterizations of 3DP-MSDP-IPN

We first investigated the water solubility of 3DP-MSDP-IPN as
compared to that of 4DP-IPN. As expected, 3DP-MSDP-IPN
showed greatly enhanced solubility in water in the presence
of small amount of DMSO (as low as 1.0 vol%) compared to
that of 4DP-IPN (Figure S3, Supporting Information), which
is enough for aqueous photocatalysis of interest; since the
different amounts of DMSO were used depending on the situ-
ation, a vol% of DMSO to the total volume was given where
necessary. 3DP-MSDP-IPN was then studied in vitro in cells to
evaluate its biocompatibility. 3DP-MSDP-IPN in the absence
of light illumination showed no toxicity to HeLa cells up to a
concentration of 100 x 107 m (ICs, > 200 x 107 m; Figure S4,
Supporting Information) after 48 h of incubation, implying
that 3DP-MSDP-IPN could be utilized as a PC for engineering
proteins and cell surfaces of living cells® as well as for in situ
synthesizing polymeric architectures inside living cells.[®"]

We then performed photophysical and electrochemical
studies, which are the basis for the photocatalytic performance.
To perform an accurate comparison with 4DP-IPN, which
has very low solubility in water (Figure S3, Supporting Infor-
mation), photophysical and electrical measurements of
3DP-MSDP-IPN were carried out in DMSO (and CH;CN). As
we anticipated, UV—vis absorption and photoluminescence (PL)
spectra and cyclic voltammetry (CV) patterns of 3DP-MSDP-
IPN were almost perfectly overlapped with those of 4DP-IPN in
DMSO (Figure 1b,c and Table 1; Figure S5, Supporting Informa-
tion). Also, they gave very similar values of PL quantum yields
(@) and prompt and delayed fluorescence lifetimes (7, Table 1),
consequently providing nearly the same excited-state dynamics,
i.e., rate constants for radiative and nonradiative singlet state
deactivation (kp, k,s) and (reverse) intersystem-crossing
(kise,  krisc)®  The Jablonski diagrams in Figure 1a
(for 3DP-MSDP-IPN) and Figure S6 (Supporting Information)
(for 4DP-IPN) sum up the kinetics with the relevant excited-
state energies (and compositions), as well as molecular orbital
(MO) topologies as calculated by time-dependent (TD) DFT

www.advmat.de

calculations. To validate the effect of substitution, 4,4"-dicyano-
and 4,4-dimethoxydiphenylamine-substituted derivatives of
4DP-IPN (i.e., 3DP-DCDP-IPN and 3DP-DMDP-IPN) were
prepared as model compounds. Whereas substitution with
diphenylamine-4-sulfonate moiety gave no effect on the
overall electronic structure, substitution of diphenylamine
with strongly electron-accepting (—CN) and electron-donating
(—OCHj;) groups resulted in substantial changes in photo-
physical properties as presented in Figure 1b,c and Table S1
(Supporting Information). More detailed investigations of this
aspect are currently underway.

2.3. PET-RAFT Polymerization in DMSO

We next investigated the catalytic performance of 3DP-MSDP-
IPN. For a proper comparison, the PET-RAFT polymerization
of methyl acrylate (MA) was chosen as a model system. DMSO
and 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]-pentanoic
acid (CDTPA) were selected as a solvent and CTA, respec-
tively, as they are widely used in PET-RAFT polymerization
(Figure 2a).33%%71 Also, 515 nm green LED was used as an
excitation light source. As a negative control, polymerization of
MA was conducted in the absence of either a PC or CTA under
N, or air atmosphere (Figure S7, Supporting Information).
These control experiments clearly suggested that the photo-
iniferter process does not occur under these conditions, and
both PC and CTA are essential for the controlled polymeriza-
tion. Catalytic performance of 4DP-IPN and 3DP-MSDP-IPN
was then compared. The polymerizations of MA were
successful for both PCs (5 ppm) under N, atmosphere and
2 W green LED irradiation (=17 mW cm™) conditions
(Figure S7, Supporting Information). As hypothesized, the
results were very similar in terms of conversion and control-
lability, confirming that the catalytic performance in DMSO of
3DP-MSDP-IPN is comparable to that of 4DP-IPN.

We then tested the oxygen tolerance of 3DP-MSDP-IPN
for the PET-RAFT polymerization of MA in DMSO with and
without N, purging. Very surprisingly, the polymerization of

Table 1. Photophysical and electrochemical properties of 4DP-IPN and 3DP-MSDP-IPN in varying solvents. Ground-state redox potentials were
measured in CH3CN (0.2 x 10m) versus Ag/AgCl. Eoy was evaluated from onset of gated PL spectrum at room temperature. Excited-state redox

potentials were calculated from the Rehm—Weller equation (Eqred” =—Eoo + Eoxfred”)-
PC Solvent lmax,abs [nm] j~ma><,em [nm] Eredo [V] ono [V] Eqo [EV] Ered™ [V] Eox* [V] Atmosphere O [%] Tprompt [F'IS] Tdelayed [HS]
4DP-IPN DMSO 47 536 -1.66 +1.01 2.58 0.92 -1.57 N, 85 33 82
Air 14 3.2 4.0
3DP-MSDP- DMSO 470 536 -1.60 +1.02 2.58 0.98 -1.56 N, 78 3.1 79
IPN
Air 13 3.1 2.9
Water 476 554 -1.60 +1.02 2.50 0.90 -1.48 N, 9 2.2 21
(10 vol%
DMSO)
Air 7 2.2 2.5
Buffer 476 547 -1.60 +1.02 2.50 0.90 —-1.48 N, 9 2.1 20.2
(10 vol%
DMSO)
Air 7 2.1 3.0
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Figure 2. Results of PET-RAFT polymerizations in DMSO. a) Reaction scheme of PET-RAFT polymerization using CDTPA as CTA. b) Kinetic plots for
PET-RAFT polymerization of OEGA under air and N, using 3DP-MSDP-IPN (5 ppm): In([M]o/[M];) versus reaction time. c) M, (filled) and dispersity
(empty) versus conversion. d) GPC traces of poly(methyl acrylate) (PMA, black) and poly(methyl acrylate)-b-poly(N,N-dimethyl acrylamide)
(PMA-b-PDMA, blue). ) Summary of polymers prepared from various acrylate and acrylamide monomers. 1) The reaction was conducted for 3 h
(PDMA) or 4 h (PNIPAm) instead of 12 h to clearly observe the “oxygen-acceleration” behavior; 2) the polymers could not be analyzed by GPC in
tetrahydrofuran (THF) due to insolubility and in water due to incompatibility of the polymers containing residual DMSO.

MA gave substantially higher conversion (o= 80%) in the pres-
ence of oxygen (without N, purging) than after purging with
N, (¢ = 50%) while maintaining the excellent controllability
(Figure 2e). Such “oxygen-acceleration” behavior was observed
indeed in Boyer’s group as stated above, however, in a reduc-
tive quenching cycle in the presence of sacrificial reducing
agents.l®] This rather counterintuitive “oxygen-acceleration”
behavior was similarly observed for a variety of acrylate and
acrylamide monomers (Figure 2e). To understand the origin
of this phenomenon, kinetics of PET-RAFT polymerizations of
oligo(ethylene glycol) methyl ether acrylate (OEGA) were moni-
tored by 'H NMR and gel-permeation chromatography (GPC)
for 3DP-MSDP-IPN (5 ppm) under air and N, atmosphere
(Figure 2b,c; Figure S8, Supporting Information); here, OEGA
was chosen as a model system of the kinetics studies for the
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comparison to PET-RAFT polymerizations in aqueous environ-
ment. A linear relation of conversion versus time, and of M,
versus conversion, was observed for both cases, suggesting
the living characters of these polymerizations being also sup-
ported by successful synthesis of block copolymer (Figure 2d).
Good temporal control in polymerization was observed in a
light “ON”/“OFF” experiment (Figure S9, Supporting Informa-
tion). Moreover, the apparent rate of propagation (k) and
inhibition period were evaluated from kinetic plots (Figure 2b).
Obvious increase in k, ,,, (from 0.460 to 0.578 h™) and decrease
in inhibition period (from 98 to 57 min) were found for the
polymerization under air, suggesting that the activation step
in PET-RAFT polymerization (i.e., electron transfer from PC in
the excited states (Y3PC”) to dormant species) could be facili-
tated in the presence of oxygen. In other words, oxygen might
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catalyze the electron-transfer process between 3PC" and
dormant species (Figure 1d), which rather contradicts the previ-
ously proposed mechanism of “oxygen tolerance” (vide supra,
i.e., “pre-deoxygenation mechanism”).

In order to clarify the role of oxygen in “oxygen-acceleration”
behavior, we performed PL quenching studies in the presence
of CDTPA and oxygen (Figure 1ef). In the quenching experi-
ments, no lifetime changes were observed in the prompt PL, but
very significant changes were observed in the delayed PL; see
Figure le,f and Table 1; this clearly evidences that the long-lived
lowest triplet excited state (T;) is mainly affected by quenching.
This can be directly seen in the evaluated kinetic constants
related to excited-state dynamics and electron-transfer kinetics
(Figure 1a, vide infra). In fact, quenching constants were evalu-
ated to be =70 x 107 m~! s7! (for CDTPA) and =1.5 x 10° m~! 57!
(for oxygen) by Stern-Volmer analysis;®®%! it is noted that
the quenching constant for oxygen is very fast, reaching the
diffusion limit in DMSO (=3 x 10° m! s7}, as obtained from
the Stokes—Einstein equation).” Given the concentration of
CDTPA and oxygen in the polymerization conditions (11.3 x 1073
and 0.67 x 1073 m, respectively; here, dissolved oxygen concen-
tration was calculated for the mixed solutions of DMSO and
monomers with a 1:1 volume ratio), the rate of electron/energy
transfer between *PC" and oxygen is calculated to be =1.0 x 10° 577,
which is faster than that between 3PC" and CDTPA
(=79 x 10° s7), implying that direct electron transfer from 3PC*
to CDTPA (and/or dormant species) might not be favored in
the presence of oxygen. Very recently, Boyer and co-workers
proposed the oxygen-mediated reductive quenching pathway
(O-RQP) as a new mechanism to rationalize the “oxygen-
acceleration” behavior observed for carefully chosen PCs in
the presence of triethylamine (TEA) as a sacrificial reducing
agent,l® where the author demonstrated the thermodynamic
feasibility of O-RQP through quantum-chemical (QC) calcula-
tions and studies of structure—property—performance relation-
ships. Here, oxygen acts as an electron shuttle to catalyze the elec-
tron transfer between TEA and CTA (and/or dormant species)
in the overall reductive quenching cycle. The role of PC is rather
limited to be a singlet oxygen generator. All those things con-
sidered; we propose the “oxygen-acceleration” mechanism, as
presented in Figure 1d. While oxygen acts as an electron shuttle
between /*PC" and CTA as in the O-RQP, the PC plays a more
essential role: i) as a generator of singlet oxygen, which is far
stronger oxidant than triplet oxygen and ii) as a photoreductant
to form the superoxide radical ion (O,+7), which originates from
the photophysical and electrochemical features of 3DP-MSDP-
IPN—i) ultraefficient generation of long-lived triplet excited
states (according to our simulations, triplet concentration in
photostationary state of 3DP-MSDP-IPN is =2 orders of magni-
tude higher than that of Ir(ppy); and Ru(bpy);**; see Figure S10
in the Supporting Information), ii) substantially negative
excited-state oxidation potential (E,," = —1.56 V), and iii) highly
stable radical cation as evidenced by reversible waves in CV.
Given the singlet-triplet energy gap and reduction potential
of molecular oxygen (AEsr = 0.98 €V and E, " = -0.60-1.00 V
vs saturated calomel electrode (SCE)),”74 overall processes
following the proposed mechanism are thermodynamically fea-
sible. The half-life and diffusion length of O,+", which is known
to be rather long (=1 us and 1 um (in water), respectively),/*”*!
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also support our proposed mechanism. Nevertheless, more
in-depth studies are currently on-going in our laboratory.

2.4. PET-RAFT Polymerization in Water

We then expanded our studies to aqueous PET-RAFT poly-
merizations. Here, 4-((((2-Carboxyethyl)thio)carbonothioyl)thio)-
4-cyanopentanoic acid (CETCPA) was used as a CTA instead of
CDTPA due to its excellent water solubility (Figure 3). For the
comparison of PET-RAFT polymerization in DMSO, OEGA was
selected as a monomer. Apart from the change in solvent, all
other conditions were exactly the same as those in the DMSO
experiment. As a negative control, the polymerization of OEGA
was performed in the absence of PC or CTA, providing no poly-
mers, as we expected (Figure S11, Supporting Information).
Interestingly, no polymerization took place in inert atmosphere,
while 98% conversion was obtained in air with an excellent con-
trol (D = 1.10, I = 0.83), implying that the “oxygen-acceleration”
effect is more pronounced in aqueous conditions. As shown in
Figure 3e, similar behaviors were found in a variety of water-
soluble acrylates and acrylamides. It may be noted that the cata-
Iytic performance of the PC developed here exceeded, without
any additives, that of the previously reported water-soluble PCs
including Ru(bpy);Cl, and Eosin Y disodium salt in the pres-
ence of additives (Figure S12, Supporting Information).

Kinetics of the aqueous PET-RAFT polymerization of OEGA
was monitored under air to investigate the “oxygen-acceleration”
effect as well as the livingness of the polymerization. Again,
no polymerization was seen in the kinetics monitoring under
N, atmosphere (Figure 3b,c; Figure S13, Supporting Informa-
tion). A clear linear relationship of conversion versus time, and
of M, versus conversion, was found, indicating the livingness
of the polymerization, which is also supported by the fact that
the synthesis of a block copolymer was successful (Figure 3d).
Polymerization was observed only when light is turned on,
reflecting good temporal control (Figure S14, Supporting Infor-
mation). From the kinetics plot, k., was calculated to be
0.167 h™!, which is smaller than that in DMSO conditions.

In order to further understand the pronounced “oxygen-
acceleration” behavior and rate retardation in aqueous
conditions, photophysical properties of the aqueous solution
of 3DP-MSDP-IPN were studied (Figure 1b,c and Table 1). The
absorption and emission spectra in water show a small but
distinct bathochromic shift (0.04 eV) versus that in DMSO.
According to the TD-DFT calculations, this is not due to a polar-
izability effect, but is ascribed to dissociation of the sodium ion
in water (Figure 1b; Figure S6, Supporting Information). Strik-
ingly, the overall @ decreases from 78% in DMSO to 9% in
water under N, purged conditions, despite careful deaeration by
applying a repeated freeze—pump-thaw procedure. According
to our kinetic analysis (Figure S6, Supporting Information),
this is mainly ascribed to a strong increase of nonradiative
deactivation for the S; state (ks see Figure la and also
Figure S6 in the Supporting Information), while the other rates
are very similar to DMSO. In fact, ks in solution combines
internal conversion (IC) and vibrational relaxation (VR). While
PL quenching in water is sometimes ascribed to high-energy
vibrations, which slows down VR,\® the very pronounced
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Figure 3. Results of PET-RAFT polymerizations in water. a) Reaction scheme of PET-RAFT polymerization using CETCPA as CTA. b) Kinetic plots for
PET-RAFT polymerization of OEGA under air and N, using 3DP-MSDP-IPN (5 ppm): In([M]o/[M];) versus reaction time. c) M, (filled) and dispersity
(empty) versus conversion. d) GPC traces of poly(N,N-dimethyl acrylamide) (PDMA, black) and poly(N,N-dimethyl acrylamide)-b-poly(oligo(ethylene
glycol) methyl ether acrylate) (PDMA-b-POEGA, blue). ) Summary of polymers prepared from various acrylate and acrylamide monomers. 1) The
reaction was conducted for 1.5 h (PAETAC) instead of 24 h to clearly observe the “oxygen-acceleration” behavior. In case of PSPAPC, the higher catalyst
loading of 50 ppm was used for reproducibility; 2) the GPC analysis was done using an refractive index (RI) detector instead of MALLS.

increase of k, 5 may rather suggest an enhanced IC process,
possibly by the formation of specific hydrogen bonds with the
surrounding water molecules.””] The increase in ks affects
the delayed emission much more than the prompt one, as seen
in the significant decrease in Zyejayeq from =80 ps in DMSO to
=20 us in water; see Table 1. Under air atmosphere, the delayed
component shortens to =3 ps, which is evidently sufficient to
maintain the photocatalytic activity, however, retarding the reac-
tion rate.

Given all experiments and theoretical calculations presented
so far, the mechanistic origin of “oxygen-acceleration” behavior
in water and DMSO is expected to be the same. Thus, the pro-
nounced effect in aqueous environments seems to be due to
the differences in singlet oxygen quenching ability between
water and DMSO. However, DM SO is known as a good singlet
oxygen quencher, and water does not act as a quencher.3460.67]
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Therefore, substantial oxygen consumption takes place in
DMSO as compared to water, which reduces the catalytic role
of oxygen and, hence, the “oxygen-acceleration” behavior. For
poly(3-sulfopropyl acrylate potassium salt) (PSPAPC) and
poly(3-[[2-(acryloyloxy)ethyl]dimethylammonio]propane-1-sul-
fonate) (PDMAPS) (Figure 3e), the reaction time was too long
to observe the behavior and, thereby, more investigations are
planned for this interesting “oxygen-acceleration” behavior.

2.5. “Grafting-From” PET-RAFT Polymerization from BSA

We finally conducted “grafting-from” PET-RAFT polymeriza-
tion of a protein. Bovine serum albumin (BSA) was selected,
as a model protein since modification of a free thiol at the
Cys-34 residue of BSA is well established.'®193778] Following
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Figure 4. Results of “grafting-from” PET-RAFT polymerization from BSA. a) Reaction scheme of synthesis of BSA—macroinitiator and “grafting-from”
PET-RAFT polymerization thereafter. b) Summary of grafted polymers prepared from various acrylate and acrylamide monomers. c) SDS-PAGE analysis
of native BSA, BSA—macroinitiator, and various BSA—polymer conjugates. d) Esterase activity of BSA (and its derivatives) and various BSA—polymer
conjugates.1) The GPC analysis was done using an Rl detector instead of MALLS. In case of PSPAPC, the higher catalyst loading of 500 ppm was used.

the previous reports,’” a trithiocarbonate-based CTA (4-cyano-
4-(((ethylthio)carbonothioyl)thio)pentanoic acid, CETPA) with a
pyridyl disulfide moiety (P-CETPA) was prepared (Figure 4a).
The conjugation of P-CETPA to BSA was carried out in
20 x 107 M phosphate buffer (pH = 70) with an excess amount
of P-CETPA at ambient conditions. After 14 h, the mixture
solution was then purified to remove excess P-CETPA by
dialysis against water followed by freeze-drying to afford BSA-
macroinitiator in powder form. Matrix-assisted laser desorp-
tion ionization time-of-flight (MALDI-TOF) analysis further
confirmed the successful formation of the BSA-macroinitiator
(Figure S15, Supporting Information).

We first tried to perform PET-RAFT polymerization from
BSA-macroinitiator in ambient buffer environments. Here, we
used N,N-dimethylacrylamide (DMA) as a model monomer for
the “grafting-from” preparation of PPCs due to its simplicity
and wide utility. In order to prevent protein denaturation, poly-
merization conditions were optimized (with DMA) in more
diluted conditions and reduced reaction time with higher PC
loadings (50 ppm) and higher light intensity (12 W green LED
irradiation (=10 mW cm™2); see Figure 4a and also Figure S16
in the Supporting Information). Polymerizations of the other
acrylate and acrylamide monomers were then conducted in
the same conditions. Conjugation of a polymer to a BSA-—
macroinitiator was characterized by 'H-NMR, GPC-multi-angle
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laser light scattering (MALLS), and sodium dodecyl sulfate-
poly(acrylamide) gel electrophoresis (SDS-PAGE) analyses of
the reaction aliquot (Figure 4b—d).

Most monomers gave a quantitative conversion confirmed by
'H-NMR, but not all conjugates showed a clear shift in GPC
traces presumably due to the limited solubility of the resulting
protein—polymer conjugates in eluent of our GPC system
(Figure S17, Supporting Information). We assume that the
appearance of a substantially wide range of monomers with dif-
ferent characteristics complicates the analysis of their resulting
protein conjugates. For example, the successful conjugation of
DMAPS polymers (PDMAPS) could be clearly observed both
in NMR and aqueous GPC, albeit not in SDS-PAGE (no trace
was seen) (Figure 4c; Figure S17, Supporting Information).
Addition of an excess amount of tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) to the resulting PPCs provided polymers
with a narrow dispersity, cleaved from the protein, which fur-
ther validates that the polymerization proceeded in a controlled
manner. To summarize, as listed in Figure 4b, the polymeriza-
tions of a variety of water-soluble monomers having neutral,
anionic, cationic, and zwitterionic acrylates/acrylamides gave
successful syntheses of PPCs. Notably, poly(oligo(ethylene
glycol) methyl ether acrylate)-poly([2-(acryloyloxy)ethyl]trimethyl-
ammonium chloride) (POEGA-PAETAC) block copolymer
was also successfully prepared from the BSA-macroinitiator
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with a continuous monomer feeding process at ambient condi-
tions, which has not been demonstrated before.

However, the molecular weight of the grown polymers from
the protein was shown to be smaller as compared to the theo-
retical molecular weight calculated from the conversion, which
has not been observed in the PET-RAFT polymerizations in
the absence of protein (Figure 4b, vide supra). This phenom-
enon was seen for the most of monomers (the only exception
here was DMA), implying that additional initiation sites might
exist in our experimental conditions. In order to understand
this behavior, a series of negative control experiments was
conducted with OEGA (Figure S19, Supporting Information).
Surprisingly, the use of native BSA instead of BSA-macroini-
tiator resulted in the formation of “hydrogel.” Considering the
structural feature of BSA that there are 17 disulfide bonds,
disulfide bonds might generate thiyl radicals by PC-mediated
energy/electron-transfer reactions®®!! followed by thiyl-radical-
mediated polymerizations and thereby, network formation; it is
here noted that native BSA gave negligible polymerization in
the absence of PC, indicating that PC plays an essential role
for native BSA-initiated gelation. However, the reaction for thiyl
radical formation might be far slower than the radical genera-
tion from a trithiocarbonate moiety, which is supported by the
fact that BSA—-macroinitiator provided the successful syntheses
of PPCs. In particular, for a monomer with a high rate of
propagation (i.e., DMA), the molecular weight obtained from
GPC-MALLS is in well accordance to a theoretical molecular
weight, further confirming our argument; it is presumed that a
substantial amount of DMA monomers was consumed before
the activation of disulfide bonds.

The effect of a variety of polymers on the enzymatic activity
of BSA was then studied (Figure 4d). BSA is known to show an
esterase-like activity, which can be evaluated from the hydrolysis
experiments of p-nitrophenyl acetate where the absorbance at
405 nm of the hydrolyzed product, p-nitrophenol, was measured.
Native BSA with or without irradiation and BSA-macroinitiator
retained the esterase-like activity in contrast to BSA heated at
80 °C for 5 h, indicating that the polymerization condition does
not cause protein denaturation. The synthesized PPCs with a
variety of polymers showed activity in varying degrees, clearly
indicating that the enzymatic activity could be tailored by the
structure of polymers conjugated to the protein. Although the
modification with the grown polymers lowered the activity in
some cases, BSA-PSPAPC conjugates indicated the similar BSA
activity to the native BSA with an additional benefit of tuning
the surface changes of BSA, which is often hard to achieve by
chemistries with small molecules. Moreover, interestingly,
almost no activity was retained for BSA-PDMAPS conjugates,
which might enable “activity-switching behavior” of the enzyme
by introducing external stimuli-responsive moiety into the poly-
mers. The related researches are currently underway.

3. Conclusion

A highly efficient water-soluble and biocompatible organic PC
was discovered, which enables the syntheses of well-defined
PPCs through a “grafting-from” PET-RAFT polymerization at
ambient/aqueous conditions without additives. Incorporation
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of water-soluble and weakly electron-donating sulfonate moiety
into one of four donor groups of the well-known highly efficient
organic PC, 4DP-IPN, yields 3DP-MSDP-IPN with the same
electronic structure, but, largely enhanced water solubility.
Unconventional “oxygen-acceleration” behavior was observed
for the PET-RAFT polymerization of acrylic and acrylamide
monomers in the presence of 3DP-MSDP-IPN in which oxygen
acts as an electron shuttle between 3PC* and CTA. Here, the
PC plays an important role: i) singlet oxygen generator and ii)
photoreductant to form superoxide radical ion (O,+7), which
originates from the photophysical and electrochemical features
of 3DP-MSDP-IPN. With 50 ppm of 3DP-MSDP-IPN, we suc-
cessfully performed “grafting-from” polymerizations from BSA
in biorelevant conditions under green LED irradiation, which
allows for preparation of various types of PPCs with neutral,
anionic, cationic, and zwitterionic polyacrylates and poly-
acrylamides. We believe that our PC system will be actively
utilized for a variety of photocatalysis processes in aqueous
environments including the living cell system.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Visible-light-driven polymerization
towards the green synthesis of plastics

Since the emergence of the first commercialized syn-
thetic plastic Bakelite, a variety of synthetic polymers
have been designed into plastic products, which are now
ubiquitous in our daily life. However, the increasing pro-
duction of plastics and the lack of adequate recycling
have led to the increasing generation of plastic waste that
negatively impacts our environment, motivating research
into mechanical and/or chemical recycling methods
to increase the recovery rate of plastics and reduce
plastic waste'. In addition to recycling polymers after
their use, the development of green synthetic methods
can advance the sustainability of polymeric materials.
Green synthesis of plastics could be achieved by design-
ing polymeric materials that are degradable and/or
prepared from environmentally benign reagents.
Alternatively, reaction processes can be developed that
attain high energy efficacy and atom economy under
mild reaction conditions. For example, plants apply
photosynthesis to convert light energy into chemical
energy, which is then stored in the form of carbohy-
drates. Giacomo Ciamician already suggested in 1912
that the same photochemical process could be applied to
synthetic organic chemistry: “And if in a distant future
the supply of coal becomes completely exhausted, civili-
zation will not be checked by that, for life and civilization
will continue as long as the sun shines!™

The 2021 Nobel Prize in Chemistry was awarded to
Benjamin List and David MacMillan, who pioneered
the development of organic catalysis as a new toolbox
for the effective synthesis of (asymmetrical) mole-
cules. Not only is this strategy powerful in terms of
unprecedented chemical reactivity, but it also makes the
chemistry greener by replacing potentially toxic metal-
based catalysts with organic molecules. Moreover,
merging organic catalysis with photoredox cataly-
sis has allowed organic chemists to use visible light
as the energy source in organic transformations,
resembling biological photosynthesis. Visible light is
abundant and a sustainable energy source, and thus
visible-light-driven photocatalysis is of great interest
from a green chemistry perspective. Visible light can also

Yungyeong Lee’, Cyrille Boyer®?® and Min Sang Kwon@® '

Environmentally benign and sustainable chemistry has the potential to address negative
environmental impacts associated with the production and degradation of synthetic

polymers. In particular, green synthesis of plastics could be achieved by the convergence
of visible-light-driven photocatalysis and reversible-deactivation radical polymerization.

be applied to polymerization reactions for the synthesis
of well-defined polymeric materials with desired proper-
ties. Here, we discuss visible-light-driven polymerization
reactions, highlighting how this approach could enable
the green synthesis of plastics.

Visible light in reversible-deactivation radical
polymerization

Reversible-deactivation radical polymerization (RDRP)
applies a chain-growth mechanism to produce well-
defined polymers with controlled molecular weight and
narrow dispersity®. Reversible activation of the dormant
chain end keeps the concentration of unstable and reac-
tive radicals low, which would otherwise cause undesired
termination and chain transfer reactions. The preserved
living end affords polymers the aforementioned con-
trollability and allows complex architecture design.
For example, in atom transfer radical polymerization
(ATRP), polymer chains only grow if the carbon-halide
bond at the end of the initiator or propagating chain is
reduced to form a reactive radical. Inspired by the use of
Ir(ppy), in photocatalysed atom transfer radical addition,
which includes the reduction of a carbon-halide bond,
the first photomediated ATRP of methyl methacrylate
was achieved using Ir(ppy), and 50 W fluorescent lamps®.
Ir(ppy), has also been introduced in reversible addition—
fragmentation chain transfer polymerization (RAFT)
(that is, photoinduced electron/energy transfer-RAFT
(PET-RAFT))". The environmental compatibility of
photomediated RDRP has since been improved by the
development of non-toxic or less toxic organic photo-
redox catalysts, highly reactive photoredox catalysts
that allow efficient polymerization with low catalyst load-
ing, and photoredox catalysts, such as porphyrins, that
can absorb visible light at longer wavelengths®.

Visible light is more than a green energy source

In addition to being a green energy source, visible light
provides controlled features to reactions; for example,
reactions can be controlled in a spatiotemporal manner,
they can be orthogonally regulated by multiple external
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stimuli, and they can be proceeded in mild and ambient
conditions (for example, in the presence of oxygen and
water)*’. As the chain end becomes active for propaga-
tion, after entering the photocatalytic cycle, polymeri-
zation can only occur if and where light is irradiated.
The photocatalytic process relies on the absorption
of visible light and the photoexcitation of photoredox
catalysts, and, subsequently, on electron and/or energy
transfer to the reagent. Benefitting from these photo-
physical aspects, molecular weight, monomer sequence,
architecture and even the tacticity of polymers can be
exquisitely controlled through finely designed reaction
systems. Moreover, the reaction system is tolerant to
oxygen and water, and the reaction can thus be con-
ducted in a user-friendly and sustainable fashion’; there
is no need for degassing the reaction mixture, and thus
the reactor setup is simpler and accessible to non-experts
in polymer chemistry.

Challenges
Several challenges remain to be overcome for the
real-world use of photomediated RDRP in industrial
applications.

Monomer scope. The monomer scope is currently limited
to (meth)acrylates and (meth)acrylamides, but could
be expanded to other vinylic monomers. Incorporation
of cyclic ketene acetal monomers, for example, allows
the introduction of a heteroatom within polymer back-
bones, which would enable the biological or chemical
degradation of the resulting polymers. Commodity poly-
mers with carbon-only backbones, such as high- and
low-density polyethylene, polypropylene or polyvinyl
chlorides, have beneficial material properties, but very
low recovery rates'. Therefore, it is important to design
polymers that have similar material properties to poly-
mers with carbon-only backbones, such as elastic modu-
lus and tensile strength, but that are also recyclable.
Expanding the monomer pool would allow the design
of polymers with various monomeric compositions and
functionalities; however, the reaction system (for exam-
ple, photoredox catalyst, chain transfer agent, additives
and irradiation conditions) would need to be carefully
optimized for each monomer. High-throughput combi-
natorial and automated polymer chemistry combined
with machine learning would aid this process and enable
the development of new polymeric materials®.

Reactor design. Reactors need to be designed in order to
scale-up photomediated RDRP to industry standards.
The penetration of light into the reaction mixture
becomes more inefficient in larger reactors, which con-
siderably decreases the efficiency of the photocatalyst
and the photocatalysed reaction. According to the Beer—
Lambert law, the path length of light should be short and
the concentration of the reaction mixture should be kept
low. This can be achieved by a continuous-flow reactor
setup that contains a light irradiation source (that is, a
photoflow reactor). In the case of multiblock copolymer
synthesis, this setup eliminates the purification step and

OPLASTICS

can further increase the reaction efficiency. We envisage
that photoflow reactors may also be capable of directly
harvesting sunlight, as imagined by Ciamician.

Mechanistic understanding. The controllability and
sustainability of photomediated RDRP originate from
the underlying photochemistry. However, our under-
standing of photochemical mechanisms remains
limited. A better insight into the mechanism would
aid in improving the design of reaction systems. For
example, combinatorial chemistry could be applied to
study structure—property-performance relationships
of photoredox catalysts to gain mechanistic insight
into specific reactions and to systematically design new
photoredox catalysts’.

Outlook and future opportunities
Visible-light-driven polymerization, together with
advances in photophysics, polymer chemistry, combina-
torial chemistry and machine learning, offers a sustain-
able route to designing polymeric materials; however,
to efficiently harvest light for the large-scale production
of polymers and to replace conventional (free radical)
polymerization in industry, a deeper understanding of
the reactions and proper design of reactors are needed.
In addition to providing green energy for the produc-
tion of polymeric materials, visible light could also
induce photomediated depolymerization'’, thus offer-
ing an alternative approach to plastics degradation and
waste management. Therefore, visible-light-driven (de)
polymerization has the potential to resolve environmen-
tal issues associated with synthetic polymeric materials,
and may ultimately deliver on the promise of green and
more sustainable plastics.
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Photocontrolled RAFT polymerization:
past, present, and future
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In this review, we provide a brief history, progress, and applications, and discuss the remaining
challenges of photocontrolled reversible addition—fragmentation chain transfer (RAFT) polymerization
(i.e., photoinduced electron/energy transfer-RAFT (PET-RAFT), photoiniferter, and photomediated
cationic RAFT polymerization). Among these, visible-light-driven RAFT polymerization has attracted
particular attention in recent years due to its benefits, including low energy consumption and the safe
reaction procedure. Moreover, the incorporation of visible-light photocatalysis in the polymerization has
conferred attractive features, such as spatiotemporal control and oxygen tolerance; however, a clear
understanding of the reaction mechanism has not been completely provided. We also present recent
research efforts to elucidate the polymerization mechanisms with the aid of quantum chemical
calculations combined with experimental evidence. This review offers an insight into the better design of
polymerization systems for desired applications and helps realize the full potential of photocontrolled
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RAFT polymerization in both academic- and industrial-scale applications.

1. Introduction

1.1. Visible light as an energy source for photomediated reactions

Visible light refers to electromagnetic waves with wavelengths in
the range of approximately 400-750 nm that are detectable by the
human eye.! As visible light constitutes approximately half of the
solar energy reaching the surface of earth, tremendous efforts
have been devoted to utilize visible light as an energy source in the
field of solar energy utilization including photovoltaics and solar
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fuels. Owing to Ciamician’s pioneering insight, influenced by
photosynthesis in nature,” light has been consistently used as
an energy source for organic reactions.” Because most organic
molecules do not absorb light in the visible range, ultraviolet
(UV) light has long been employed as the primary energy source
for photochemical reactions. However, due to its high energy, UV
light often causes substantial side reactions and thereby reduces
the reaction efficiency, which consequently limits the scope of
photochemical reactions. Therefore, compared to conventional
thermal reactions, photochemical reactions have been considerably
underexplored.

In 2008, MacMillan,* Yoon,” and Stephenson® and coworkers
reported that complex organic reactions proceed very efficiently
in the presence of photoredox catalysts (PCs) under visible light
irradiation. From these pioneering studies, organic chemists
recognized that low-energy visible light could be a suitable energy
source for various organic reactions, which led to the origin of a
new field called “visible-light photocatalysis”.”” Thereafter, for
more than a decade, visible-light photocatalysis has indeed been
used as a mild and efficient method to activate molecules for a
wide range of organic transformations that cannot be realized by
other methodologies of chemical catalysis."®™"* Under irradiation,
excited-state PCs engage in electron or energy transfer and con-
sequently generate highly reactive radical species from the corres-
ponding stable substrates. These previously inaccessible reaction
scaffolds have enabled significant development of radical chem-
istry in organic synthesis.

1.2. Visible-light-driven reversible deactivation radical
polymerization

Reversible deactivation radical polymerization (RDRP) is a powerful
technique to prepare polymers with controlled molecular weights,
narrow molecular weight distributions (MWDs), compositions,
functionalities, and architectures that impact the properties of
polymers.'**> As this method provides appropriate controllability
and compatibility with various monomers under mild conditions,
it has been employed in numerous applications such as coatings,
adhesives, cosmetics, ink materials for printing, detergents, paints,
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and surfactants."® In RDRP, heat is typically utilized as an energy
source for polymerization in the presence of an initiator or a
catalyst.'”'

Consistent efforts have been made to utilize light as an energy
source for RDRP because of the potential benefits, including
spatiotemporal control over polymerization and fast kinetics at
ambient temperature as compared to conventional thermal
processes.’”" Early systems for photomediated RDRP, which
utilized high-energy UV light, had mostly relied on (i) a traditional
photoinitiating system based on Norrish type I/II reactions, (ii) a
catalytic species with absorption only in the UV range,** or (iii) a
chain transfer agent (CTA) (ie., RAFT agent) that undergoes
photolysis under UV light irradiation.>>>” However, these pro-
cesses typically exhibited insufficient controllability of polymer-
ization, side reactions and/or too fast kinetics due to the high
energy of UV light. Nevertheless, it should be noted that in the
field of polymer chemistry, a variety of UV-light-induced photo-
initiating systems had been actively investigated before the emer-
gence of visible-light photocatalysis owing to their utility in
industrial applications such as photoresists and/or photocuring
systems.

With regard to the milder reaction conditions of polymeriza-
tion, visible light has been introduced as an energy source for
RDRP since the early 2010. Inspired by visible-light photocatalysis,
in 2012 Hawker and Fors demonstrated atom transfer radical
polymerization (ATRP) of methacrylates using tris(2-phenylpyri-
dine)iridium (Ir(ppy);) as a PC and a 50 W fluorescent lamp.>®
Matyjaszewski and coworkers reported another photomediated
ATRP using a copper (Cu) complex under violet and blue light
irradiation (392 and 450 nm, respectively),”® where photoinduced
reduction of the Cu®" complex and subsequent activation of the
alkyl halide initiator were achieved by irradiation rather than
heating. By the addition of visible-light-absorbing dyes to indirectly
reduce the Cu®* complex and generate initiating radicals, Yagci
and coworkers further expanded the polymerization wavelength to
400-500 nm.>® In the case of RAFT polymerization, in 2014,
Boyer and coworkers employed Ir(ppy)s; to activate the reversible
addition-fragmentation chain transfer (RAFT) polymerization of
various vinylic monomers (including (meth)acrylamides, (meth)
acrylates, styrene, and vinyl esters) under blue light irradiation
(435 nm).*" In 2015, Boyer,** Qiao,*® and coworkers separately
reported the successful RAFT polymerization of (meth)acrylates
under blue or green light irradiation (435 and 530 nm, respec-
tively) in the absence of PCs. These visible-light-driven RDRPs
retained excellent controllability of polymerization similar to
conventional thermal RDRPs. Since these initial studies, various
types of visible-light-driven RDRPs have been extensively studied
from different perspectives such as (i) reaction optimization, (ii)
mechanistic studies, (iii) understanding the unique features of
each polymerization, (iv) catalyst/reagent developments, (v)
syntheses of polymers with a novel structure, and (vi) new
applications,®2%34-3¢

1.3. Visible-light-driven RAFT polymerization

In conventional RAFT polymerization, an initiator generates
radicals typically by thermal decomposition and a CTA ensures

This journal is © The Royal Society of Chemistry 2023
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the controllability of polymerization via RAFT equilibrium.?” In
contrast, in photomediated RAFT polymerization, a photo-
initiating system mostly driven by UV light has replaced the
conventional thermal initiator. Despite the simplicity and con-
venience of photomediated polymerization, which proceeds by
irradiation rather than heating, the high energy of UV light
caused undesired side reactions and lowered the controllability
of polymerization.*® Boyer and coworkers pioneered the use of
low-energy visible light for photomediated RAFT polymeriza-
tion in 2014 by the incorporation of PCs, named photoinduced
electron/energy transfer-RAFT (PET-RAFT) polymerization.®! In
2015, Boyer,*> Qiao,>® and coworkers separately reported
visible-light-driven photoiniferter polymerization of specific
(meth)acrylates. The proposed PET-RAFT polymerization was
based on electron/energy transfer between a visible-light-
absorbing PC and a CTA,*" whereas photoiniferter polymeriza-
tion was based on visible-light-driven photolysis of a CTA in the
absence of PCs and had been previously demonstrated only
under UV light.*>*° More recently, cationic RAFT polymeriza-
tion, which involves the formation of carbocations as propagat-
ing species,*""*> was realized under visible light in the presence
of a PC, as reported by Fors and coworkers.*> Since then,
numerous studies have improved the utility of reaction systems,
for example, by investigating PCs and/or CTAs to enhance the rate
of polymerization under a broad range of irradiation wavelengths.
It has also been revealed that these visible-light-driven RAFT
polymerizations exhibit decent controllability of polymerization
as well as attractive features including spatiotemporal control,
oxygen tolerance, and unique selectivity of polymerization, which
are dependent on reaction conditions (ie., irradiation wave-
lengths and the combination of a CTA, monomer, and PC if
employed), and high compatibility with other polymerization
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_ Otsu 3940
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(ATRP)
— Matyjaszewski 17 ——1995
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Fig. 1 Timeline of milestones toward the development of photocon-
trolled RAFT polymerization.
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methods, which was not observed in conventional RDRP.** There-
fore, visible-light-driven RAFT polymerization has enabled the
preparation of polymers with high levels of structural complexities
and functionalities and reached a wide range of advanced appli-
cations, such as advanced manufacturing, nanomedicine, and
energy. Fig. 1 depicts the timeline of milestones toward the
development of visible-light-driven RAFT polymerization.

1.4. Scope of this review

Given these attractive and unique features, several highly cited
review articles have already discussed photocontrolled RAFT poly-
merization either as a part of photomediated RDRP or photoredox
catalysis,’*?**%” or as an independent topic with a particular
emphasis on mechanistic studies,*® oxygen tolerance,*® spatio-
temporal regulation of the reaction system by light,>**" fabrication
of advanced materials,”®> and environmental compatibility of
polymerization.** The recent review articles have provided an
insight into the remaining challenges and underscored the promis-
ing future of photomediated RAFT polymerization for its wide
applicability in the industry.**** However, as compared to PET-
RAFT polymerization, only a few articles®*>* have paid considerable
attention to photoiniferter polymerization until Hartlieb in 2022
outlined the progress of photoiniferter polymerization from early
systems to the current state.”® It was because photoiniferter poly-
merization has mostly utilized UV light thus far, in contrast to PET-
RAFT polymerization which utilized the milder visible light.

Visible light is more than an energetically mild and environ-
mentally benign energy source. Convergence of visible-light
photocatalysis and photomediated RDRP has also brought
decent controllability of polymerization and distinct features such
as oxygen tolerance. Furthermore, visible and near-infrared (NIR)
light allows utilizing wavelength-orthogonal chemistry for activating
wavelength-selective photoinduced reactions in an orthogonal man-
ner. In this regard, it is timely to provide a detailed review on
photocontrolled RAFT polymerization reactions (i.e., PET-RAFT,
photoiniferter, and photomediated cationic RAFT polymerization)
with a particular emphasis on visible-light-driven systems, and
summarize their concept, method, mechanism, and applications.
In addition to the unprecedently wide versatility of the polymeriza-
tion ranging from precision polymer synthesis in academic fields to
3D/4D printing technologies in industrial fields, we describe the
recent increasing efforts to uncover and elucidate the underlying
mechanistic backgrounds from a photophysical point of view with
the help of computational studies. As the broad applicability of the
polymerization originates from the mechanism, this review pro-
vides an overview of the current status and the remaining chal-
lenges in photocontrolled RAFT polymerization.

2. Mechanism

In this section, the basic mechanisms and current studies related
to the mechanistic understanding of various visible-light-driven
RAFT polymerizations are described. The methods mostly do not
require exogenous initiators and share a RAFT process, which
underpins the controllability similar to that in conventional
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thermal RAFT polymerization. Based on the initiation mecha-
nism, the methods can be categorized as follows.

In PET-RAFT polymerization, an initiating radical is gener-
ated by the interaction between an excited-state PC and a CTA
followed by (i) fragmentation of the reduced CTA via either an
oxidative®® or a reductive quenching cycle,”” and/or (ii) homolysis
of the CTA via energy transfer.*® The CTA can be oxidized as in the
case of photomediated cationic RAFT polymerization.** Photoini-
ferter polymerization includes direct homolysis of the CTA under
irradiation in the absence of a PC."*® Very recently, the RAFT
process has been combined with inner-sphere electron transfer
(ISET)* and hydrogen atom transfer (HAT).*

Despite the burgeoning applications of visible-light-driven
RAFT polymerization in numerous fields, several questions,
such as whether it is electron or energy transferred from the
excited-state PC to the CTA, still remain unsolved. It is also
noteworthy that the electron/energy transfer processes may also
depend on the type of PC and CTA. Herein, the importance of
enhancing fundamental understanding of the mechanism and
thereby the recent efforts utilizing quantum chemical (QC) calcu-
lations, kinetic modeling, laser flash photolysis, or transient
absorption spectroscopy to answer these unsolved questions are
summarized.

2.1. Conventional RAFT polymerization (RAFT process)

RAFT polymerization, which was firstly developed by Rizzardo,
Moad, Thang, and coworkers in 1998,'® relies on degenerative
chain transfer to reversibly deactivate active propagating radicals.
By the addition of a CTA possessing a thiocarbonylthio (TCT)
group to conventional radical polymerization, the RAFT process
successfully realized RAFT polymerization with controlled and
living behavior (Scheme 1). Firstly, an external initiator is
fragmented, typically by heat or light, to generate initiating
radicals. After several additions of monomers, the propagating
radical is added to the CTA. The resulting TCT intermediate
radical undergoes fragmentation to liberate the R group as
another propagating radical. These two propagating radicals
are reversibly added and fragmented to become dormant and
active species for polymerization, respectively, which is called
RAFT main equilibrium. Via this RAFT main equilibrium, the
propagating radicals share equal probabilities for chain
growth. It is noted that addition and fragmentation occur faster
than propagation, which prevents bimolecular termination
between two radical species. Therefore, polymers possessing
TCT groups exhibit low dispersity and can be reactivated by
adding new monomers. As controlled and living radical poly-
merization is realized through an efficient RAFT process, for
each monomer family, a CTA with appropriate R and Z groups
must be chosen to ensure energetically favorable addition, frag-
mentation, and propagation. Dithiobenzoates (DTBs), dithio-
carbamates (DTCs), trithiocarbonates (TTCs), and xanthates are
representative classes of CTAs categorized based on the Z
groups. Since the development of RAFT polymerization, the
influence of R and Z groups on polymerization control has been
thoroughly studied. The well-established general guidelines for
the selection of CTAs for a certain monomer are well described
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Scheme 1 Mechanism of conventional RAFT polymerization.

in the review articles by the inventors of RAFT polymerization
in the Commonwealth Scientific and Industrial Research Orga-
nization (CSIRO)®" and Perrier.*”

2.2. Visible-light-driven RAFT polymerization

2.2.1. PET-RAFT polymerization. Despite the recent remark-
able advancements of PET-RAFT polymerization, its mechanism
remains elusive as it involves multiple competing pathways (i.e.,
electron and/or energy transfer; see below). The complexity of the
PET-RAFT polymerization mechanism primarily arises from the
fact that CTAs have relatively high oxidizing powers and hence
high ground-state reduction potentials (—1.0 V < Egpq < —0.4 V;
vs. saturated calomel electrode (SCE)), low energies at the lowest
triplet excited state (Ty) (1.5 eV < Eg(Ty) < 1.8 €V), and moderate
visible-light absorption abilities. The high EJgs allow the
reduction of the CTA by PC intermediates via electron transfer,
whereas the low T, energies allow energy transfer from an excited-
state PC to the CTA. Finally, several visible-light-absorbing CTAs
can be directly excited by absorbing visible light (<530 nm) by
themselves in the absence of a PC (please see Section 2.2.2).
Among the different pathways, three pathways involving PCs are
depicted in Scheme 2: one energy transfer pathway and two
electron transfer pathways which are divided into the oxidative
quenching pathway (OQP) and the reductive quenching pathway
(RQP) depending on the fate of excited-state PCs during the
photocatalytic cycle. Most PCs can, in principle, induce polymer-
ization via all the pathways, which greatly limits the complete
understanding of the precise mechanism. Propagating radical
species are generated regardless of the pathways, but their reac-
tion intermediates (i.e., TCT anion and TCT radical) are different.

This journal is © The Royal Society of Chemistry 2023
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Scheme 2 Mechanism of PET-RAFT polymerization. Electron transfer via (a) oxidative quenching pathway (OQP) and (b) reductive quenching pathway
(RQP) in the presence of a reducing agent (e.g., tertiary amine). (c) Energy transfer.

2.2.1.1. Electron transfer: oxidative quenching pathway (OQP).
The OQP involves oxidation of an excited-state PC. Electron
transfer from an excited-state PC to a ground-state CTA leads to the
formation of a one-electron-oxidized PC (PC**) and an anionic
intermediate of the CTA, which then undergoes fragmentation to
afford a propagating radical and a TCT anion. Stepwise dissociative
electron transfer (DET) is considered to occur during the activation
step (Scheme 2a). Based on the transfer coefficient («) measured by
cyclic voltammetry (CV), Moad, Strover, and coworkers claimed that
electron transfer from the excited-state PC to the CTA and dissocia-
tion of the C-S bond occur in a stepwise manner.®* More recently,
Denifl, Moad, Coote, and coworkers thoroughly investigated the
reduction of the selected CTAs (cyanomethyl benzodithioate and
dimethyl trithiocarbonate) and their subsequent chemical reac-
tions by performing low-energy electron attachment experiments in
the gas phase (Fig. 2).°® Interestingly, in these experiments, the
authors observed that anion intermediates were (i) generated and
(ii) selectively dissociated into TCT anions and carbon radicals
through C-S bond cleavage. These observations strongly supported
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Fig. 2 Electrochemical activation of the CTA by low-energy electron
attachment and intensity map of TCT anions generated from subsequent
dissociation of (a) cyanomethyl benzodithioate and (b) dimethyl trithio-
carbonate. Adapted with permission from ref. 63 (Copyright 2021 John
Wiley & Sons, Inc.).
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the involvement of stepwise DET in the electron-transfer-driven
RAFT process.

Recently, the research groups of Boyer and Liu,** and
Kwon® separately reported that the selectivity for the CTA in
PET-RAFT polymerization is closely related to the stepwise DET
mechanism. Boyer and coworkers observed that metal naphtha-
locyanine (MNC)-catalyzed PET-RAFT polymerization of methyl
acrylate (MA) under NIR light irradiation (780 nm) showed
substantial monomer conversion and decent control for TTCs
with a tertiary R group, whereas no polymerization occurred for
TTCs with a secondary R group.®® QC calculations combined
with experiments revealed that an activation barrier exists for
the dissociation of the C-S bond of a CTA anion intermediate,
depending on the R group. Similar results were also reported by
Kwon and coworkers.®® Using Ag,S nanocrystals (NCs) as a PC
under red light irradiation (635 nm), PET-RAFT polymerization
of methacrylates was achieved for TTCs (CDTPA), whereas
no polymers were obtained for DTBs (CPADB). According to
QC calculations, a significantly higher activation energy was
obtained for the stepwise dissociation of the anion intermediate
of CPADB compared to that of CDTPA (45.47 vs. 21.86 k] mol ),
implying that anion intermediates generated by photoinduced
electron transfer play an essential role in the observed Z-group
selectivity (Fig. 3).

Although OQPs mostly rely on photoinduced outer-sphere
electron transfer (OSET) between the PC and CTA, Pan and
coworkers recently reported PET-RAFT polymerization based on
photoinduced ion-pair ISET (IP-ISET) (Scheme 3).%° The authors
demonstrated successful PET-RAFT polymerization of various
vinylic monomers under visible-light irradiation in the presence
of a zwitterionic borane catalyst ([L,B]'X ") and CTA. Based on QC
calculations combined with experiments, [L,B]'[ZCS,]” generated
in situ from [L,B]'X~ and CTA was considered to be an active
catalytic species. The stability of [L,B]* formed by ion-pair electron
transfer and the very long excited-state lifetime of [L,B]"* allowed
the reaction to proceed well even at extremely low catalyst con-
centrations as low as 1 ppb, which is approximately three orders
of magnitude lower than those of OSET-based systems. Unlike the
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reported PET-RAFT polymerization, this method showed excellent
tolerance to phenolic radical inhibitors, owing to the strong
hydrogen bond between the phenolic group of the inhibitor and
X~ of [L,B]'X".

2.2.1.2. Electron transfer: reductive quenching pathway (RQP).
The RQP involves reduction of an excited-state PC by adding a
sacrificial reducing agent (Scheme 2b). A one-electron-reduced
PC (PC*7) is initially formed through electron transfer from a
sacrificial reducing agent to an excited-state PC. Subsequently,

a) b)
s _|+ x
I Y Y
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Scheme 3 (a) Mechanism of PET-RAFT polymerization based on photo-

induced inner-sphere electron transfer (ISET). (b) Chemical structures of
[L;B]* and [L,B]*.>°
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one electron was transmitted from PC*~ to the CTA, generating
propagating radical species and a TCT anion through a TCT
anionic intermediate. In 2015, Boyer and coworkers proposed
PET-RAFT polymerization via RQP using a tertiary amine as a
sacrificial reducing agent.® This protocol provided faster
kinetics and enhanced oxygen tolerance without severely sacri-
ficing controllability compared to PET-RAFT polymerization via
OQP (i.e., in the absence of tertiary amines). Since this report,
PET-RAFT polymerization via RQP has been widely used when
fast polymerization kinetics under ambient conditions, such as
polymerization under biorelevant conditions, are required.®”~”°

At approximately the same time in 2015, the use of tertiary
amines in photocontrolled RAFT polymerization in the absence
of PCs was proposed by Qiao and coworkers (Scheme 4).”*
Herein, the CTA directly absorbed light and tertiary amines, as
a catalyst, reduced the excited-state CTA. This electron transfer
from the tertiary amine to the excited-state CTA generated the
anionic intermediate of the CTA, which then underwent frag-
mentation to provide a propagating radical and a TCT anion.
Qiao and coworkers used 365 nm UV LEDs as the light source,
and Konkolewicz and coworkers later demonstrated that the
polymerization could proceed properly under visible light

This journal is © The Royal Society of Chemistry 2023
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Scheme 4 Mechanism of tertiary amine-catalyzed generation of the TCT
anion in the absence of a PC.

(<530 nm).”* It is noted that this mechanism of tertiary amine-
catalyzed generation of the TCT anion in the absence of a PC
cannot be excluded in PET-RAFT polymerization via RQP,
which complicates a complete understanding of the polymer-
ization results.

In PET-RAFT polymerization via RQP, the polymerization
features, such as the rate of polymerization, oxygen tolerance,
and controllability, were found to be sensitive to the type”® and
amount of tertiary amines,”"”> as well as the irradiation
wavelength.>” This sensitivity likely arises because the rate of
electron transfer from a tertiary amine to an excited-state PC
(or an excited-state CTA) relies on the amount and redox poten-
tials of the amine. Furthermore, one-electron-oxidized tertiary
amines may cause various side reactions by providing hydrogen
and/or generating reactive o-amino radical species,”*”> leading
to poor controllability. However, the effects of tertiary amine
intermediates on the polymerization have not been thoroughly
analyzed and hence, combined efforts involving QC calculations,
kinetics simulations, and chromatographic analyses are required.

2.2.1.3. Energy transfer. An alternative pathway involves
photoinduced energy transfer, in which energy is transferred
from an excited-state PC to a CTA, promoting the CTA to an
electronically excited state. Then, active propagating radicals
are generated via homolytic C-S bond cleavage of the excited-
state CTA (Scheme 2c). Energy transfer is likely to occur from
the T; state of the PC to the triplet excited states of the CTA.

Energy transfer is a photophysical process by which energy is
transferred from one molecular entity (donor, D) in an excited
state to another molecular entity (acceptor, A) to be raised to a
higher energy state. The process can be distinguished into three
types:”®’” primitive energy transfer by emission-reabsorption,
Forster resonance energy transfer, and Dexter energy transfer. In
photocatalysis of organic molecules, Dexter energy transfer is of
predominant relevance.”” As Dexter energy transfer is based on
simultaneous electron exchange between D and A, which
requires the overlap of the wavefunctions, the energy transfer
occurs over very short distances within approximately 10 A,
which approaches the collisional diameter.”®”® In addition, the
electron exchange is governed by the Wigner spin conservation
rule and hence, the spin-allowed processes are single-singlet
and triplet-triplet energy transfer. Among these, triplet-triplet
energy transfer is preferred owing to the typically longer lifetime
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of triplet states compared to singlet states. The longer lifetime
increases the probability of collisions. Because this is essentially
an electron transfer process, the kinetics can be described using
Marcus theory.®° Therefore, the rate of Dexter energy transfer
is strongly influenced by the thermodynamic driving force,
reorganization energy, and electronic coupling between D and
A; nevertheless, in the synthetic community, the thermodynamic
driving force (i.e., the energy gap between the lowest triplet state
of D and A) is mostly utilized to estimate the energy transfer
efficiency because the reorganization energy and electronic
coupling are rather difficult to measure. When the thermo-
dynamic driving force is large as in exergonic energy transfer,
the energy transfer gets faster close to the diffusion limit. The
studies on the energy transfer pathway in PET-RAFT polymeriza-
tion are discussed in the next section.

2.2.1.4. Mechanistic understanding of PET-RAFT polymerization.
The important debate with respect to the mechanism of PET-
RAFT polymerization is how an excited-state PC interacts with a
CTA: via either electron transfer or energy transfer. Substantial
research efforts to answer this difficult question have been
continuously made until recently, and these efforts are well
summarized in a recent review article by Konkolowicz and
coworkers.*® Smith and coworkers supported an electron transfer
mechanism based on calculations of the energetics of selected
PCs (ZnTPP and pheophorbide A (PheoA)), various CTAs, and
charge-transfer complexes that can be formed between them.®'
Falvey and coworkers also supported an electron transfer mecha-
nism based on studies using laser flash photolysis for (i) triplet-
triplet energy transfer between a triplet sensitizer (e.g., anthraqui-
none, Rose Bengal, and benzophenone) and a CTA, and (ii)
subsequent decomposition of an excited-state CTA.** Although
energy transfer from the sensitizer to the CTA was efficient,
decomposition of the CTA was rarely observed, suggesting that
radical generation by energy transfer is rather limited compared
to radical generation by electron transfer. Very recently, Kwon and
coworkers successfully resolved the mechanistic complexity of
PET-RAFT polymerization by using appropriately designed Ag,S
NCs as a PC.°® Owing to the small bandgap and moderate £, of
the Ag,S NCs, PET-RAFT polymerization proceeded solely through
electron transfer. Successful polymerization of methyl methacry-
late (MMA) in the presence of Ag,S NCs confirmed that the
electron transfer readily occurs in PET-RAFT polymerization.
However, it is noteworthy that the mechanism depends on the
type of PCs. In the case of [Ru(bpy);]*" and Ir(ppy)s, the research
groups of Allonas and Boyer®*® and Konkolewicz®® provided
evidence for an energy transfer process. Allonas, Boyer, and
coworkers calculated the Gibbs free energy change during
electron transfer (AGgr) and triplet-triplet energy transfer
(AGgnr) based on the redox potentials and triplet energies of
PCs and a series of CTAs obtained from QC calculations and CV
measurements.®*** AGgr and AGg,r were then plotted against the
rate constant for quenching (ky) of an excited-state PC obtained
from laser flash photolysis experiments. A substantial correlation
was observed between kq and AGg,r, whereas no relationship was
found between k, and AGgr, suggesting that energy transfer likely
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occurs between an excited-state PC and a CTA. Konkolewicz and
coworkers also supported an energy transfer mechanism based
on the simulation results of polymerization kinetics.*” Using PET-
RAFT polymerization of MA using Ir(ppy); and TTC as a model
system, the kinetics data obtained by experiment were compared
with the data simulated using kinetic models of possible PET-
RAFT mechanisms. Among them, the energy transfer mechanism
was found to be the best fit.

In addition to the abovementioned issue, several issues
remain unsolved, as introduced by Konkolewicz and
coworkers.*® First, the mechanism of electron transfer during
OQP needs to be reconsidered. According to the current
mechanism where the TCT anion is mainly involved in the
regeneration of the ground-state PC, PET-RAFT polymerization
could be significantly retarded or even stop at very low catalytic
loading of the PC, as demonstrated by Konkolewicz and
coworkers.®® This finding is inconsistent with the previously
reported experimental results. As such, in-depth studies are
required to determine which pathways are involved in the
reduction of oxidized cationic PC intermediates. Second, more
in-depth understanding of the overall picture of what drives
electron or energy transfer is required. The experimental results
thus far suggest that the mechanism is dependent on the
reaction system composition (i.e., combination of PC, CTA,
and monomer), whereas the exact mechanistic background
remains unknown. Third, the fate of TCT radicals, which can
be generated in PET-RAFT polymerization via energy transfer or
photoiniferter polymerization, needs to be understood better.
Herein, excessive TCT radicals could be accumulated by the
termination of propagating radical species, as observed for TCT
radicals generated by electron transfer, consequently leading to
significant rate retardation. However, this retardation was not
observed in the experimental studies and could be related to
the formation of disulfide compounds that have not been much
investigated. Fourth, the process of C-S bond dissociation in
the energy transfer process remains unclear. As studied by
Falvey and coworkers, C-S bond dissociation of the CTA in
the triplet excited state was not sufficiently efficient to drive
polymerization.®* However, the study was performed in the
absence of a monomer and thus, additional experiments in
the presence of a monomer are necessary to draw a clear
conclusion. Last, the direct spectroscopic observation of essen-
tial intermediates such as one-electron-oxidized/reduced PC,
TCT anions, and TCT radicals would help to unambiguously
identify the underlying mechanisms.
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2.2.2. Photoiniferter polymerization

2.2.2.1. Basic mechanism. Photoiniferter polymerization
under UV light irradiation, firstly proposed by Otsu and coworkers
in 1982 as a type of RDRP,**®¢ has garnered renewed interest
since Boyer,** Qiao,** and coworkers separately expanded the
energy source of polymerization to visible light. Herein, a TCT-
based CTA is a key agent that simultaneously acts as an
initiator, a transfer agent, and a reversible terminator (ini-fer-
ter), thereby eliminating the need for a PC or an exogenous
initiator. As depicted in Scheme 5, the CTA directly absorbs
light to become an excited state, which is followed by the
homolysis of the C-S bond to produce an active initiating/
propagating radical and a persistent TCT radical.>® The propa-
gating radicals can participate in degenerative chain transfer, a
key mechanistic aspect of RAFT polymerization, and the TCT
radical can deactivate active radical species in a reversible
fashion as seen in ATRP. As this process requires the absorp-
tion of light by the CTA, the irradiation wavelength for photo-
iniferter polymerization is quite limited in contrast to
PET-RAFT polymerization.

2.2.2.2. Mechanistic understanding of photoiniferter polymeriza-
tion. The most essential issue in photoiniferter polymerization is
to clearly understand the mechanism of photolysis of the C-S
bond, an important process that determines the concentrations of
radicals and CTAs during polymerization. Recently, Konkolewicz
and coworkers reported that the rate of photoiniferter polymer-
ization of MMA was significantly affected by the Z group of
DTBs.*” The rate of polymerization was nicely correlated with
the redox potentials of CTAs, implying that the homolysis of the
C-S bond is closely related to the electronic properties of CTAs.
Falvey and coworkers suggested that higher singlet excited states
such as S, states are involved more in the photolysis than S; or
T, states based on energetics considerations.®* Although these
studies provided useful mechanistic insights into photolysis of
the C-S bond, a precise understanding of the entire process of
photoiniferter polymerization is still lacking and is expected to be
provided through advanced QC calculations combined with well-
designed experiments. For example, Kwon, Min, and coworkers
very recently proposed that S,/S, conical intersection (CI) acted as
an activation barrier for photolysis of the C-S bond.*® CDTPA
under 515 nm irradiation (10 mW cm?) led to controlled and
quantitative polymerization of MMA, whereas polymerization of
MA provided adducts of (MA),,~CDTPA rather than polymers. QC
calculations of reaction intermediates proposed that relative
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Fig. 4 Pathway for photolysis of the C-S bond in MA-CDTPA proposed
by QC calculations.®®

energies at the adiabatic S; state, CI, and after dissociation were
critical for the observed monomer-CTA selectivity (Fig. 4). Energy
profiles for the process from Frank-Condon excitation, structural
relaxation, and CI were similar for adducts of both monomers,
whereas energy profiles for the process from CI to bond dissocia-
tion were more favorable in MMA-CDTPA due to the large
stabilization energy of generated radicals. Other possible pro-
cesses from CI include nonradiative decay channels, hindering
the C-S bond photolysis and subsequent polymerization.

Next, two different mechanisms (i.e., degenerative chain
transfer and reversible deactivation) can affect the control of
RAFT polymerization, depending on the type of CTA employed
in the reaction. These two mechanisms could jointly operate in
the case of xanthate (with a low transfer constant).>® In con-
trast, in the other study using TTC (with a higher transfer
constant), preliminary calculations suggested that the reversi-
ble deactivation did not contribute primarily to the control over
polymerization.®® Quantitative analysis of the contribution of
two mechanisms needs to be provided by further investigation
using experimental and theoretical studies.
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Lastly, as in PET-RAFT polymerization, the fates of the CTA
and the corresponding TCT radical need to be clarified.
Although the photodegradation of TCT groups under UV light
irradiation with high energy has been reported,'®° the case
under visible-light irradiation with low energy has not been
observed.

2.2.3.
others

2.2.3.1. Photomediated cationic RAFT polymerization. Cationic
RAFT polymerization was firstly reported by the research group
of Kamigato*" and Sugihara.*” Herein, in the presence of protonic
acid initiators to protonate a CTA, the fragmentation of the CTA
cation generated carbocations as propagating species, which were
polymerized in a controlled fashion via degenerative chain trans-
fer. Fors and coworkers then developed a photomediated version
of cationic RAFT polymerization by introducing highly oxidizing
2,4,6-tris(p-methoxyphenyl)pyrylium tetrafluoroborate as a PC to
oxidize a CTA and generate a carbocation (Scheme 6).** One-
electron oxidation of the CTA by the excited-state PC upon
irradiation was followed by mesolytic cleavage of the resulting
CTA radical cation to yield the CTA radical and carbocation as
propagating intermediates. Similar to conventional cationic RAFT
polymerization, the polymerization was controlled via degenera-
tive chain transfer. The use of a PC provided additional regulation
over the propagation step by photo-reversible generation of the
carbocation. Reduction of the CTA radical by the one-electron-
reduced PC generated the CTA anion and PC, which capped the
carbocation chain-end and closed the catalytic cycle. Therefore,
the photocontrolled behavior of polymerization (i.e., the genera-
tion of the propagating carbocation and thus polymerization only
proceed under light irradiation) could only be provided by a PC
that possessed proper E}, and Epq for favored one-electron
oxidation of the CTA and reduction of the CTA radical,
respectively.’® Based on the investigation of the detailed mecha-
nism using selected PCs and CTAs, Fors and coworkers concluded
that in the case of pyrylium derivatives, a singlet excited state
might involve electron transfer as the low fluorescence quantum
yield (®g) of the PC led to a lower polymerization rate. The
concern over the direct oxidation of the monomer instead of the
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Scheme 6 Mechanism of photomediated cationic RAFT polymerization.
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Scheme 7 Mechanism of hydrogen atom transfer (HAT)-mediated

photomediated cationic RAFT polymerization.®°

CTA by the excited-state PC was also resolved by Stern-Volmer
analysis and CV measurements. Both the CTA and isobutyl vinyl
ether (iBVE) monomer could be oxidized, but it was revealed that
the oxidation of the CTA was favored by lower E2.. The bimolecular
quenching constant between the excited-state PC and CTA
determined by Stern-Volmer analysis was two orders of magni-
tude higher than that between the PC and iBVE. Lastly, Ev.q of
the PC was important for efficient capping of the propagating
chain-end and deactivation of polymerization, providing per-
fect temporal control.

2.2.3.2. Hydrogen atom transfer (HAT)-mediated photome-
diated RAFT polymerization. Fors and coworkers introduced a
HAT manifold into photomediated RAFT polymerization.®
Herein, a benzophenone analogue capable of Norrish type II
reaction was used as a PC and TTC-derived disulfide was used
as a CTA precursor, unlike in conventional PET-RAFT polymer-
ization. Under irradiation using a compact fluorescent lamp
(CFL), the PC absorbed light to generate a PC intermediate with
diradical character (Scheme 7). This PC intermediate abstracted
the C-H bond of the substrate through hydrogen abstraction,
and the resulting radical intermediates of the substrate
initiated the polymerization. On the other hand, the disulfide
generated two TCT radicals through S-S bond homolysis. One
TCT radical was combined with the propagating radical to
generate a macro-CTA, whereas the other TCT radical reacted
with the PC intermediate, ketyl radical derived from benzophe-
none, to generate trithiocarbonic acid and regenerate the PC.
As stated by the authors, this method will be useful to graft
CTA moieties into hydridic C-H bonds of substrates (e.g,
biomolecules and backbone of commodity polymers) for sub-
sequent polymerization.

3. Distinct features

In addition to the use of green and abundant visible light as an
energy source, the distinct features of visible-light-driven RAFT
polymerization endow the reaction system with controllability
and the synthesized polymers with structural diversity, func-
tionality, and excellent livingness, which otherwise are not
realizable via conventional thermally initiated reactions. These
features are attributed to the abovementioned mechanisms and
can be primarily categorized into (i) spatiotemporal control,
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(ii) selectivity, (iii) orthogonality, and (iv) oxygen tolerance. It is
noted that PET-RAFT polymerization distinctly demonstrates
all four features. As active species are generated by light
irradiation, spatiotemporal control is commonly achieved
regardless of the polymerization mechanism (Section 3.1).
Except for photomediated cationic RAFT polymerization, in
PET-RAFT and photoiniferter polymerizations, active species
are radicals so that the reactions can simultaneously occur with
other reactions possessing different (such as ionic) intermedi-
ates and can be orthogonally controlled by turning the light on/
off (Section 3.3). Meanwhile, the other two features (i.e., selec-
tivity and oxygen tolerance) have mainly been examined for
PET-RAFT polymerization and still remain elusive for other
methods.

3.1. Spatiotemporal control

Every photomediated RAFT polymerization operates by the
absorption of light by either a PC or a CTA, and is therefore
inherently a spatiotemporally controlled process that only
occurs where and when the light is irradiated. Perfect temporal
control directs the mechanism of the reaction toward a photo-
controlled process necessitating the use of light and com-
pounds that appropriately absorb light and play the role. For
example, imperfect control or increase in monomer conversion
even without light irradiation, which has been observed in
some photomediated cationic RAFT polymerizations, has been
ascribed to the decomposition of the PC or slow deactivation of
the CTA owing to improper balance between ground- and
excited-state redox potentials of the PC and CTA.**°°%? Slow
deactivation of the CTA results in longer lifetime of active
propagating species such that these species remain after the
cessation of irradiation and consume monomers. This loss of
control caused by the remaining radicals, however, can be
utilized to induce latent RAFT polymerization in the dark using
the energy stored during precedent irradiation.’® Here, eosin Y
(EY)-mediated photoinduced conversion of triplet oxygen into
singlet oxygen which was then reduced by ascorbic acid in the
dark generated the initiating hydroxyl radical.

On the other hand, PET-RAFT polymerization can be tem-
porally switched by other stimuli (e.g., temperature, pH, atmo-
sphere, external magnetic field, and chemical reagents) in
combination with light under which the photocatalytic activity
of the PC is reversibly controllable (Fig. 5). The listed examples
of dual-gated polymerizations have significant prospects for
industrial applications as they offer additional means of con-
trol other than light and/or easy separation of PCs from the
polymerization mixture for reuse.

Johnson and coworkers embedded 10-phenylphenothiazine
(PTH) in a poly(N-isopropylacrylamide (NIPAm))-based gel in
which at temperatures above the lower critical solution tem-
perature (LCST), the PC could not be accessed by light and
other reagents, and consequently the polymerization could not
proceed (Fig. 5a).”* Polymerization only proceeded at tempera-
tures below the LCST and under light irradiation. In contrast, in
nanocomposites composed of cross-linked hyperbranched poly-
glycerol, polyfluorene backbones decorated with poly(NIPAm)

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Temporal control of PET-RAFT polymerization by various stimuli other than light: (a) heat, (b) pH, (c) external magnetic field, and (d) chemical
reagents. Adapted with permission from (a) ref. 94 (Copyright 2017 American Chemical Society), (b) ref. 96 (Copyright 2019 American Chemical Society),
(c) ref. 103 (Copyright 2020 The Royal Society of Chemistry), and (d) ref. 104 (Copyright 2023 American Chemical Society).

brushes, and Ru(bpy);Cl,, heat-driven shrinkage of poly(NIPAm)
chains generated open pores for reagents to enter and polymer-
ization proceeded.’

Boyer and coworkers discovered a pH-switchable xanthene-
based PC TBrFL (Fig. 5b).°® Because of the pH-responsiveness of
xanthene dyes, at pH = 5, TBrFL became colorless and inactive to
catalyze PET-RAFT polymerization, whereas at pH = 7, the original
visible-light absorption property was restored to turn on the
reaction. pH was lowered by adding gaseous HCI/N, or CO, and
was recovered by NaHCO; or N,, respectively. This pH-responsive
photocatalytic performance of xanthene dyes was retained in
heterogeneous PCs where Erythrosin B (EB) and Rose Bengal were
conjugated to porous polymers.”” ZnTPPS,  demonstrated pH-
dependent polymerization kinetics.”® The polymerization kinetics
were retarded by lowering the pH of the reaction mixture from
8.6 to 3.5. This was presumably because higher concentration of
the hydroxide ion at higher pH weakened the coordination of the
zinc core of ZnTPPS,” with the CTA or monomer and promoted
the absorption of light by ZnTPPS,” and subsequent polymeriza-
tion, as evidenced by the higher molar absorption coefficient
of the reaction mixture at irradiation wavelength. In contrast,

This journal is © The Royal Society of Chemistry 2023

ZnOETPP exceptionally utilized oxygen for the polymerization
process so that polymerization did not occur in the presence of
CO, or N,.” This role of oxygen contradicted its conventionally
recognized role of inhibiting polymerization by scavenging the
propagating radicals (for a detailed explanation, please see Section
3.4). Copolymerization of macrocyclic allylic sulfones with acrylate
and acrylamide monomers was reversibly switched by alternate
introduction of Ar and SO,.'* During radical ring-opening cas-
cade polymerization, macrocyclic allylic sulfones release SO, and
the resulting secondary alkyl radicals participate in propagation.
However, the gradually accumulated SO, in the reaction system
recombined with the alkyl propagating radicals and inhibited
polymerization in the late stages particularly at low reaction
temperature. Density functional theory (DFT) calculations and
electron paramagnetic resonance (EPR) spectroscopy evidenced
that Gibbs free energy change upon extrusion and recombination
of SO, from the monomer was relatively small such that SO,
could negatively affect the polymerization behavior. Thus, the
introduction of Ar re-initiated the SO,-inhibited polymerization,
whereas the introduction of exogenous SO, switched off the
polymerization.
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The hybrid nanocomposites of magnetic Fe;O,, silica, and PCs
(ir(ppy)s*** and ZnTPP'*) reported by Cai, Zhang, and coworkers
or y-Fe,0; nanoparticles (NPs) doped with carbon dots reported
by Qiao, Pang, and coworkers'®® were responsive to an external
magnetic field. Upon applying a magnetic field, these nanohybrid
PCs exhibited agglomeration and could not catalyze polymeriza-
tion. This was attributed to the reduced visible-light absorption
and limited access and electron transfer between PCs (bound to
the surface of the nanocomposites) and CTA (Fig. 5c).

Lastly, Martell and coworkers conjugated DNA aptamers and
a quencher dye with EY to switch on the photocatalytic activity of
EY by adding chemical reagents that could be hybridized with
the DNA (Fig. 5d).""" As absorption of the quencher dye overlaps
with emission of EY, fluorescence and photocatalytic activity of
EY were switched off when the quencher dye and EY were in
proximity through static quenching and Forster resonance
energy transfer (FRET). The added chemical reagent non-
covalently hybridized with the DNA to induce a conformational
change, remove the proximity between the quencher dye and EY,
and switch on the photocatalytic activity of EY. In particular,
when trigger DNA was used as the chemical reagent, anti-trigger
DNA with complementary sequences could inactivate the trigger
DNA resulting in double-stranded spectator-DNA and a photo-
catalytically inactivate PC. Therefore, the activity of the PC could
be reversibly switched, and the polymerization rate could be
modulated by the amount of trigger-DNA relative to that of
quencher-DNA. As sequences and secondary structures of DNA
aptamers can be designed to specifically fit diverse trigger
molecules such as glucose, hydrocortisone, and zinc ions, these
switchable DNA-PC conjugates were expected to be expanded to
various PCs and chemical reagents, only if appropriate pair of PC
and quencher dye possessing overlapping emission and absorp-
tion spectra could be identified.

3.2. Selectivity

For successful photocontrolled RAFT polymerization, effective
photolysis of the CTA (activation), insertion of the monomer,
and deactivation of the CTA are required. It has been shown
that each step is highly selective toward reagents and reaction
conditions. First of all, the irradiation wavelength should
match the absorption profile of either PC or CTA (depending
on the type of polymerization) for their excitation. In PET-RAFT
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polymerization the (de)activation of the CTA by the PC at the
initiation stage and that of the CTA with monomers inserted at
the propagation stage are mainly governed by thermodynamic
constraints where the reactivity of the excited-state PC is
determined by the energy absorbed at the irradiation wave-
length. In addition to irradiation at the appropriate wavelength,
selectivity of the PC toward the CTA and selective insertion of
the monomer into the CTA have been observed. These selectiv-
ity issues can be leveraged to prepare polymers with desired
sequences and complex architectures.

3.2.1. Selectivity of the PC toward the CTA. After successful
excitation of the PC, selectivity in the transfer of electron or
energy from the excited-state PC to the CTA arises from
selective interaction between the PC and the CTA. Specific
coordination of zinc of ZnTPP to a TTC resulted in photoin-
duced reduction of BTPA (a TTC) than CPADB (a DTB) despite
the lower Ep.q of BTPA.'” Upon changing the solvent from
dimethyl sulfoxide (DMSO) to N,N-dimethylformamide (DMF)
which competes with BTPA for the coordination, the coordina-
tion between ZnTPP and BTPA was reduced to retard the
polymerization. On the other hand, interaction of CPADB with
PheoA probably due to hydrogen bonding between its acid
group and pyrrole of PheoA was evidenced by NMR and UV/Vis
spectroscopy.'®® These selective interactions were considered to
enhance electron transfer by the proximity effect. Later, Smith,
Seal, and coworkers theoretically investigated these experimen-
tally observed selectivity trends based on QC calculations using
DMSO as a model solvent.®" The authors ruled out the energy
transfer pathway and considered that electron/charge transfer
from the S; state of the PC to CTA was the crucial step for CTA
activation, which would be facilitated by the favored pre-
complexation of the PC and CTA. From the analysis of the
excited-state molecular orbitals of PC-CTA complexes, the
selectivity of ZnTPP toward TTC and that of PheoA toward
CPADB were indicated by the lowest energy gap between the
initial optically excited state and the charge-transfer state along
with the facilitated perturbative coupling between these two
states, which enhanced electron transfer. Combined with the
intrinsic monomer compatibility of the given CTA,*” careful
design of the reaction system using a mixture of multiple pairs
of PC, CTA, and monomer that could be selectively activated at
distinct irradiation wavelengths (Scheme 8) enabled the facile

b) Wavelength-PC selectivity

R-group stability 40k 4

(l) (@)

Methacrylates

Molar Extinction

%\(—O)

BTPA
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(a) Selectivity issues in PET-RAFT polymerization from a reaction mixture of two PCs (PheoA and ZnTPP), two CTAs (CPADB and BTPA), and

methacrylate monomers. The two PCs can be selectively activated at different wavelengths as per (b) UV-vis absorption profiles. Adapted with permission

from (b) ref. 106 (Copyright 2016 American Chemical Society).
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synthesis of well-defined graft copolymers,'°® as discussed in
Section 4.3.2. For selective activation, irradiation wavelengths
at which the absorption profiles of two PCs do not overlap are
required. Selective activation of a certain PC and concomitant
selective polymerization of the monomer that is compatible
with a certain CTA can be achieved even in a mixture of all
reagents. However, it is noted that the time of monomer
addition should be carefully considered, as certain monomers,
once reacted, block the successive insertion of the other type of
monomers, leading to failed polymerization.

3.2.2. Selective insertion of the monomer into the CTA.
Such blocking of further propagation prevents the subsequent
incorporation of upcoming monomers into the CTA, and thus
is called single unit monomer insertion (SUMI). For successive
polymerization, fragmentation of the propagating radical from
the RAFT intermediate and additional insertion of the mono-
mer are required. For example, after the insertion of MA
into CPADB, the tertiary carbon radical of the R group of
CPADB transformed into a less stable secondary radical that
could no longer be activated by PheoA, whereas MMA with a
tertiary carbon radical had no problem in polymerization.'®®

M
——= Polymer

R1 ©)J\
S CN 3° R group
@SMOH PheoA
YH
R /QQ/\'( * sumi
monoadduct

3° Rgroup

o
2° R group

Scheme 9 Monomer-dependent selective photoactivation of CPADB.1®
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PheoA-catalyzed PET-RAFT polymerization for 20 hours of
different monomers (typically 20 equivalents to CPADB) that
yielded propagating radicals with secondary radicals, including
styrene, acrylates, and acrylamides, other than methacrylates, all
provided the same results (Scheme 9).'% In contrast, AIBN-initiated
RAFT polymerization afforded oligomeric products under other-
wise identical reaction conditions, which was consistent with the
previous studies which reported that AIBN was not a suitable
initiator due to the possible formation of initiator-derived
byproducts.'”” Furthermore, a very short reaction time was essen-
tial to prevent multiple insertions of monomers and to ensure high
end-group fidelity if a certain number of SUMI reactions of
different monomers had to be repeated.’®® Therefore, the unique
selectivity of PET-RAFT and photoiniferter polymerizations even
with mild reaction conditions and the absence of an exogenous
initiator successfully afforded polymers with controlled monomer
sequences of precisely positioned functionalities via SUML "
CTAs possessing the same Z group but different R groups can
also be selectively fragmented. Matyjaszewski and coworkers in
collaboration with Boyer reported that during photoiniferter
polymerization of MMA in the presence of CDTPA and BTPA,
only CDTPA was consumed for polymerization.''* This was
because the photolysis of CDTPA was favored owing to the
higher stability and radical stabilization energy (RSE) of the
tertiary R group, whereas BTPA with the secondary R group did
not undergo fragmentation or participate in chain transfer with
the poly(MMA) radical (Scheme 10a). The retarded polymeriza-
tion rate upon the addition of an excess amount of BTPA or
DTPA evidenced that both CTAs participated in the formation of
the intermediate adduct radical, whereas only the adduct with
CDTPA resulted in the fragmentation and release of the R group
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Scheme 10 (a) Selective fragmentation of CTAs after the addition of the

polymers via selective fragmentation of CTAs under irradiation at different wavelengths.
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for propagation. By changing the irradiation wavelength from
green (520 nm, 4.25 mW cm™2) to blue (465 nm, 6.5 mW cm™2),
the remaining intact BTPA could be consumed for polymeriza-
tion of MA or N,N-dimethyl acrylamide (DMAm) in which both
the R group of the CTA and the monomer generated secondary R
groups (Scheme 10b).

As it is the change in C-S bond stability and balance among
the various possible reactions (e.g., chain transfer, dissociation,
propagation, and recombination) within the RAFT equilibrium
that dictate the selectivity in the activation of the CTA to add a
monomer, the existence of a PC is not necessary for the
selective activation of the CTA and subsequent polymerization;
nevertheless, the PC facilitates the reaction or allows upscale of
the reaction system because of oxygen tolerance. For further
discussion on SUMI and utilization of the unique selectivity of
photocontrolled RAFT polymerization to confer polymers with
complex architectures, please see Sections 4.3.1.2 and 4.3.2,
respectively.

3.2.3. Overcoming the selectivity issue by heat. Very
recently, Boyer, Liu, and coworkers reported that the selectivity
issue could be overcome by heat.®* In PET-RAFT polymerization
of (meth)acrylates under NIR light irradiation (780 nm), MNCs
selectively activated TTCs with tertiary R groups over TTCs with
secondary R groups (Fig. 6a). Computational chemistry sug-
gested that the oxidation capabilities of MNCs in their excited
states were too low to transfer an electron to DTPA, a model
CTA with the secondary R group. The leaving ability of the R
group depends on bond dissociation energy and RSE. From
intrinsic reaction coordinate (IRC) simulation to compare the
energy barrier between either before or after the fragmentation
of the CTA radical anion, and the transition state, DTPA,
compared to CDTPA and DDMAT with the tertiary R group,
was unlikely to favor the formation of the transition state and
thus the fragmentation to initiate the polymerization (Fig. 6b).
In contrast, poly(MA)so-DTPA prepared by thermally initiated
RAFT polymerization successfully underwent PET-RAFT poly-
merization along with a decrease in the Gibbs free energy of
~1 kecal mol ™" during one-electron reduction of the CTA, as the
inserted monomer units did decrease the effect of the original
R group. The authors further postulated that this energy barrier
could be overcome by increasing the reaction temperature
by 15 °C using a hot plate. The MNC-catalyzed PET-RAFT
polymerization of MA from DTPA, which could not be realized,
was achieved only after the heat-promoted photoactivation of
DTPA in the initial state (Fig. 6¢). It is noted that the revealed
mechanistic origin of the unique selectivity of MNCs to a
certain CTA would help overcome the abovementioned energy
barrier, and consequently expand the applicability of PCs via
the combined use of light and thermal energy.

3.2.4. Overcoming the selectivity issue by oxygen. Likewise,
the energy barrier and thermodynamic constraints within the
photocatalytic cycle limit the applicability of a certain PC for
successful polymerization. PCs that absorb at long wavelengths
particularly suffer from weak excited-state redox properties
which thermodynamically restricts PET-RAFT polymerization
via OQP or RQP. Therefore, it has been difficult to find
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Fig. 6 (a) PET-RAFT polymerization of MA. (b) Comparison of Gibbs free

energy change, reaction path calculated by the IRC method, and energy
barriers in CTA*~ fragmentation. (c) Heat-assisted photoactivation (at
52 °C) of DTPA for PET-RAFT polymerization of MA. Adapted with
permission from ref. 64 (Copyright 2022 American Chemical Society).

appropriate PC candidates for polymerization under NIR light
irradiation. In this regard, Boyer, Liu, and coworkers proposed
a new oxygen-mediated pathway for PET-RAFT polymerization
using NIR-light-absorbing (metallo)porphyrin and phthalocya-
nines as a PC, where the PC, oxygen, and triethylamine (TEA)
synergistically provide thermodynamically favored electron
transfer for one-electron-reduction of the CTA and subsequent
polymerization."™" This necessity of oxygen for successful and
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well-controlled polymerization was contradictory to the con-
ventional role of oxygen in inhibiting the reaction (for a
detailed explanation, please see Section 3.4.3).

3.3. Orthogonality

Multiple reactions that can occur either individually or simulta-
neously in one pot without interfering with each other are said
to be orthogonal. For example, in terms of the type of reactive
species, PET-RAFT or photoiniferter polymerization with radical
intermediates is orthogonal to the reactions, including (photome-
diated) cationic RAFT or anionic or cationic ring-opening polymer-
ization (ROP), involving ionic intermediates. In terms of the energy
source, light can be turned on and off without interrupting other
stimuli. Moreover, light at certain wavelengths that can selectively
activate one of the several combined organic photochemical
reactions has paved the way for efficient synthesis of advanced
functional materials through, for example, formation and post-
modification of the polymer network and programmed patterning
of given surfaces."’>""* Therefore, researchers either orthogonally
turned on and off the photomediated reversible (de)activation of
the radicals produced from the PC and/or CTA to ionic polymeriza-
tions mediated by other stimuli (e.g., heat,""> electricity,"'*""” and
the presence of specific reagents''*'**) or selectively activated
two photomediated polymerizations via irradiation at disparate
wavelengths.'>* 7126

This orthogonality that allows on-demand control of each
polymerization system has been applied to the one-pot synthesis
of polymers with complex architectures and compositions as
discussed in Sections 4.3.1.1 and 4.3.2. By combining two ortho-
gonal polymerizations, the scope of the monomers incorporated
along the single backbone has widened. The microstructure of
multiblock copolymers (e.g., order, length, and number of blocks)
could also be facilely manipulated by tuning the order and length
of the applied external stimuli, and the number of switching
between two polymerizations.

3.4. Oxygen tolerance

Due to its radical scavenging effect, oxygen is detrimental to
radical polymerization and thus needs to be removed before the
reaction. To conduct the reaction in the presence of oxygen,

= Oxygen-tolerant

= Oxygen-initiated
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oxygen tolerance is of significant interest as the degassing
process is time-consuming and limits the practicability of
polymerization from both biological and industrial perspec-
tives. Among the various photomediated RAFT polymerizations
discussed herein, oxygen tolerance of PET-RAFT polymerization
has been extensively recognized,*>'*” as compared to the cases
of photoiniferter and photomediated cationic RAFT polymer-
izations. It is because inactivation of oxygen occurs via a
photoinduced electron or energy transfer mechanism in the
presence of the PC and/or any additives that play a supporting
role (Section 3.4.1.1). In contrast, photoiniferter polymerization
involving direct photolysis of the CTA lacks the ability to
consume oxygen, and thus is intrinsically sensitive to oxygen.
Therefore, in the reported studies, alternative approaches such
as not stirring the reaction mixture or use of solvent with high
viscosity and low oxygen solubility, to physically block the
diffusion of oxygen into the polymerization mixture, or additives
were employed. Every reported photomediated cationic RAFT
polymerization has been performed in deoxygenated media,
providing no hint towards oxygen tolerance of the reaction
system. As cationic reaction intermediates are not affected by
radical-scavenging oxygen, cationic polymerization is known to
be insensitive to oxygen;>>'*® nevertheless, the impact of oxygen
on photocatalytic systems needs to be investigated.

Meanwhile, in some cases, oxygen could in turn be trans-
formed into an initiating source or even facilitate the activation
of the CTA, which contradicts its known inhibitory role. These
examples of oxygen-initiated or -accelerated polymerizations
are discussed in Section 3.4.2. This section describes the three
categories of oxygen tolerance reported to date in various
polymerization reactions (Scheme 11).

It should be noted that, regardless of the type of mechanism,
‘the presence of oxygen’ can refer to the reaction being performed
in either a completely ‘open-to-air’, ‘sealed but not degassed’
container or other containers where the volume of the remaining
head space substantially affects the amount of oxygen and
controllability of polymerization. In any case, oxygen tolerance
has extended the applications of photocontrolled RAFT poly-
merization to 3D/4D printing or surface functionalization of
given surfaces or biomolecules in which the deoxygenation

= Oxygen-accelerated
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Scheme 11 Three categories of oxygen tolerance. Schematic representation of the kinetic plot of In([M]o/[M],) vs. reaction time in (a) oxygen-tolerant,

(b) oxygen-initiated, and (c) oxygen-accelerated PET-RAFT polymerizations.
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process can be time-consuming, cumbersome, or harsh to the
substrate.

3.4.1. Oxygen-tolerant polymerization

3.4.1.1. PET-RAFT polymerization. Although the consump-
tion of oxygen accompanies the induction period or slower
polymerization kinetics as compared to the case in the absence
of oxygen, the polymerization reaction would eventually pro-
ceed. Thus, well-defined polymers with high end-group fidelity
in the presence of oxygen could be realized. The mechanism to
achieve oxygen tolerance depends on the reaction system
composition and the concomitant role of the excited-state PC
as a reductant (via OQP) or an oxidant (via RQP). In brief,
oxygen is reduced by the excited-state PC in OQP and by the
ground-state anion of the PC in RQP. Photoinduced energy
transfer from the triplet excited-state PC to triplet oxygen is
another route for oxygen tolerance (Scheme 12).

Electron transfer: oxidative quenching pathway (OQP). Oxy-
gen tolerance of PET-RAFT polymerization was discovered by
Boyer and coworkers in 2014 in their first study of PET-RAFT
polymerization using Ir(ppy); as a PC.*' Strongly reducing
excited-state Ir(ppy); was expected to reduce oxygen into a
superoxide radical anion, which allows the polymerization in
a non-degassed sealed vessel. The kinetics of the polymeriza-
tion of MMA and MA in DMSO were almost identical to that in a
degassed vessel after the induction period to consume oxygen,
indicating no degradation of the PC or CTA. With the preserved
photocatalytic activity and chain ends, a di- or tri-block copo-
lymer was successfully synthesized by simply adding the mono-
mer and solvent to the reaction mixture. Ru(bpy)s;Cl, with
reducing property (Ei, = —0.81 V vs. SCE) similar to that of
Ir(ppy)s (Ei= —1.73 V vs. SCE) also exhibited oxygen tolerance
for the polymerization of MA and DMAm in DMSO despite the
retardation in polymerization kinetics in the presence of air."*
It was attributed to the sluggish consumption of oxygen by the
PC. Whereas the induction period was decreased with an
increase in the catalyst loading, the polymerization rate was
not significantly affected.

Electron transfer: reductive quenching pathway (RQP). In
their first study of PET-RAFT polymerization using organic

Electron transfer
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dyes, Boyer and coworkers observed that EY and fluorescein with
lower E* (PC*/PC*") than Epq(CTA/CTA®”) and sufficiently low
®y;, allowed effective PET and polymerization of methacrylates in
DMSO under blue light irradiation.®® The apparent propagation
rate (k3PP) which was lowered by oxygen was restored by adding
TEA. The shortened inhibition period suggested that via RQP, the
one-electron-reduced EY, generated by the reduction of excited-
state EY by TEA, concurrently reduced oxygen to a superoxide
radical anion and activated the CTA to allow polymerization
without degassing. TEA of at least one equivalent to the CTA
was required to completely reduce dissolved oxygen in the reac-
tion vessel. The concentrations of TEA and EY were also important
as the highly increased polymerization rate (i.e., high radical flux
and high catalyst turnover) led to an increase in polymer dis-
persity (P = 1.4)."* In addition to the tertiary amine, ascorbic acid
(or ascorbate)'®*'™*33 was added to the reaction system to induce
reductive quenching of other PCs including ZnTPPS,~ *'** and
poly(boron dipyrromethene-alt-fluorene),’*> and concomitant oxy-
gen tolerance in the reaction system.

The study of the effect of tertiary amines on PET-RAFT
polymerization using EY by Ferji and coworkers revealed that
the stability of the amine radical cation impacted the efficiency of
the reduction of excited-state EY, subsequent reduction of the
CTA, and polymerization in DMSO in the presence of air.”?
Herein, the authors concluded that (i) oxygen tolerance originated
from photoinduced conversion of oxygen to inactive singlet oxy-
gen rather than from the reduction of oxygen to the superoxide
radical anion and (ii) the tertiary amine facilitated the reduction
of the CTA by preferably generating the EY radical anion. Among
five amines (TEA, triethanolamine (TEOA), tributylamine, N,N,N’,
N’ ,N"-pentamethyldiethylenetriamine (PMDETA), and 4-(dimethy-
lamino)pyridine (DMAP)), tributylamine and DMAP increased the
amine radical stability and conferred oxygen tolerance because of
the long alkyl chain and n-bond conjugation, respectively, whereas
TEOA in combination with EY produced an initiating radical even
in the absence of a CTA to provide polymers with high dispersity.

To date, a variety of amines such as TEA,"** TEOA,*”'**° N,
N,N',N'-tetramethylethylenediamine (TEMED)"*! and PMDETA®* ”°
have been employed as cocatalysts with EY in various solvents for
3D printing resin, surface-initiated polymerization from proteins

Energy transfer
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Scheme 12 Mechanisms of the three categories of oxygen tolerance in PET-RAFT polymerization.
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and DNA, and polymerization in continuous flow reactors, where
oxygen tolerance and accelerated polymerization kinetics are highly
advantageous. Another xanthene-based organic PC EB/TEOA sys-
tem was also employed for 3D printing in aqueous solutions
without prior deoxygenation.'** However, some reaction systems
were still degassed despite the use of amines, and the reason for
degassing and the results of negative controls such as polymeriza-
tion without a PC, amine, or CTA were not provided, which
hampered the elucidation of the exact role of an amine additive.
Moreover, Boyer, Sumerlin and coworkers reported that the reac-
tion mechanism became complicated depending on the reaction
conditions (e.g., irradiation wavelength, reagents, concentration,
and solution pH) and concomitantly generated different reaction
intermediates.”’

Amine-facilitated reduction of oxygen was also reported for
graphitic carbon nitride (g-C5N,).'**'** Qiao and coworkers
observed a significant decrease in the inhibition period (from
3 hours to 30 minutes) after the addition of TEOA into PET-
RAFT polymerization of MA under UV light irradiation (365 nm,
3.5 mW cm ?)."* The efficient deoxygenation was ascribed to
an additional pathway to reduce dissolved oxygen via g-C3N,-
mediated electron transfer from TEA. Ferji and coworkers again
examined the influence of the amount of amine on polymeriza-
tion control.’** In g-C;N,-catalyzed PET-RAFT polymerization
of MMA as a model monomer in the presence of tributylamine
under irradiation at 405 nm (60 mW cm ™), loss of polymeriza-
tion control was noticed when five equivalents of tributylamine
relative to TTC were added. It was attributed to the production
of species that could initiate free radical polymerization via the
interaction of the oxidized amine with another amine. The
authors thus set the appropriate molar ratio of amine to CTA
as one.

Energy transfer. Oxygen can also be inactivated via the
photoinduced energy transfer mechanism. Owing to the excita-
tion of triplet oxygen to the singlet state via triplet-triplet
annihilation with excited-state ZnTPP and subsequent con-
sumption of singlet oxygen by DMSO to form dimethyl sulfone,
the concentration of dissolved oxygen was kept sufficiently low
to continue the polymerization of DMAm even under fully open
conditions.*® However, in other solvents with properties (i.e.,
boiling point, molecular weight, and dielectric constant) similar
to those of DMSO, polymerization became considerably slower
with longer inhibition time, implying the intrinsic role of DMSO
in the consumption of singlet oxygen. Therefore, to realize
oxygen tolerance in other solvents, additives as singlet oxygen
quenchers were necessary.'*® Among 9,10-dimethylanthracene,
ascorbic acid, and (R)-(+)-limonene, 9,10-dimethylanthracene
was the most effective additive, demonstrating similar kinetics
to the polymerization with deoxygenation, a very short inhibition
period, and excellent temporal control. ZnTMPyP, another water-
soluble analogue of ZnTPP, with biotin was employed in the
oxygen-tolerant aqueous dispersion polymerization of hydroxy-
propyl methacrylate (HPMA) for photoinitiated polymerization-
induced self-assembly (photo-PISA) in a 96-well plate without
deoxygenation.'*” Herein, the thioether group of biotin was
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oxidized to sulfoxide upon trapping of singlet oxygen. When the
thioether group was a part of the monomer, polymerization of
2-(methylthio)ethyl methacrylate (MTEMA) bearing the thioether
group using ZnTPP was oxygen-tolerant without any additives."*®
This oxygen tolerance of ZnTPP was also retained when embedded
in 2D metal-organic framework (MOF) nanosheets."* Similarly,
sodium ascorbate significantly reduced singlet oxygen in
Ru(bpy);Cl,-catalyzed rapid and controlled polymerization of acry-
lamides in water and enabled the facile preparation of triblock
copolymers within an hour without deoxygenation.'*

3.4.1.2. Photoiniferter polymerization. In the abovementioned
mechanisms of conferring oxygen tolerance to PET-RAFT polymer-
ization, oxygen is commonly consumed and inactivated via addi-
tional reaction pathways mediated by a PC with or without
additives. In contrast, photoiniferter polymerization in which a
reactive radical can only be generated by direct photolysis of the
CTA innately suffers from rather slow reaction kinetics and is not
tolerant to oxygen. Thus, oxygen tolerance has rarely been achieved.

For instance, TTC-based CTAs in the presence of tertiary
amines could mediate polymerization under UV”" or blue light
irradiation'"'** to prepare polymers in the absence of a PC.
Energetically favored photoinduced electron transfer from the
amine to the excited-state CTA and then from the resulting CTA
anion to oxygen led to in situ removal of oxygen such that
polymerization without prior deoxygenation proceeded after
the induction period (Scheme 13)."*' Regarding the mecha-
nistic origin of oxygen tolerance, photoinduced energy transfer
(i.e., generation of singlet oxygen) was excluded by the similar
monomer conversions of MA in DMSO and in toluene despite
the different abilities of the solvents to scavenge singlet oxygen.
Very recently, Zhang, Weng, and coworkers reported an oxygen-
tolerant polymerization system using CPADB under irradiation
with a household lamp (14 W, 2.4 mW cm %) where the amine
was incorporated as a part of 2-(dimethylamino)-, 2-(diethyla-
mino)-, or 1-(dipropylamino)ethyl methacrylate monomers.'*
However, with a target degree of polymerization (DP) of 400, the
relatively high dispersity (1.42-2.12), deviation of molecular
weight from theoretical values, and/or the color change of
solution from red to yellow (i.e., degradation of CPADB) sug-
gested the need for further optimization of reaction conditions.
Gibson and coworkers disregarded the high dispersities of
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Scheme 13 Tertiary amine-assisted oxygen-tolerant polymerization in
the absence of a PC.
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polymers synthesized via amine-catalyzed photolysis of TTC
and only focused on the quick preparation of large libraries of
polymers via high-throughput (HTP) synthesis in a 96-well
plate. Dioxane with degassing ability inferior to that of DMSO
was thus used as a solvent owing to the ease of purification of
polymers by simple evaporation of solvent under vacuum.">> It
has to be noted that categorizing these reports which harnessed
amine additives as photoiniferter polymerization might be
controversial because herein amine-catalyzed electron transfer
instead of the direct photolysis of the CTA initiated the poly-
merization, which was similar to PC-catalyzed electron transfer
in PET-RAFT polymerization. Meanwhile, Chen and coworkers
introduced Zng g, Fe, 3604 into DMSO™*** or ZnO NPs into
aqueous medium™® to reduce oxygen to a hydroxyl radical via
photoinduced generation of electron-hole pairs under sunlight
irradiation, and enabled open-to-air photoiniferter polymeriza-
tion from various CTAs despite the poor controllability (B =
1.35-1.56).

Oxygen tolerance was also achieved without additives. The
so-called ‘“polymerization through oxygen” was reported by
Johnson and coworkers even in a completely open vial, where
the diffusion of oxygen into the polymerization site was sub-
stantially restricted by the high viscosity and low solubility of
oxygen in DMSO and not stirring the reaction mixture."’
Polymerization of acrylates and acrylamides from TTCs
was thus conducted at the bottom of the reaction vessel
directly above the high-intensity irradiation source (450 nm,
>503 mW cm ) to ensure a high radical flux and a short
inhibition period arising from high light intensity. Although
this oxygen-tolerant and rapid polymerization retained the
controlled and living nature, the molecular weight of the
polymer was larger than the theoretical value due to partial
degradation of the CTA located near the solution/air interface.
The use of deep eutectic solvents (DES) instead of DMSO
improved the “polymerization through oxygen” approach.'*®
DES, composed of hydrogen-bonding-accepting tetrabutylammo-
nium chloride and hydrogen-bonding-donating ethylene glycol,
provided an enhanced polymerization rate and higher stability
of the end group of TTCs and DTBs against photodegradation
under 465 nm irradiation (0.7 or 3.1 mW cm™?). In addition,
oxygen tolerance behavior was more pronounced such that
stirring the reaction mixture in an open vial did not affect the
polymerization rate. Similar results were observed with PET-
RAFT polymerization using Ir(ppy)s, EY, and ZnTPP as a PC,
although the exact role of DES needs to be elucidated. The
effects of composition of DES, solubility of monomers and
polymers in DES, and propagation rate constants (k,s) of
monomers in DES should also be considered.

Meanwhile, oxidative decomposition of xanthates and con-
comitant molecular weight discrepancy were also observed
during additive-free polymerization of n-butyl acrylate (n-BA)
under violet light irradiation in a closed non-degassed reaction
vessel.'®® Subsequently, Konkolewicz and coworkers filled
the remaining headspace in the reaction vessel with an inert
solvent rather than air to block the diffusion of oxygen.'®® The
combination of two immiscible liquids (water and mineral oil)
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allowed the preparation of aqueous- or organic-soluble polymers
after the induction period to consume the already dissolved oxygen.

Benefitting from the simple system composition, photoini-
ferter polymerization has recently been applied to 3D printing
where rapidness and efficiency of polymerization may have
higher significances than precise controllability of polymeriza-
tion. Zhu, Li, and coworkers conducted open-to-air rapid 3D
printing using a commercial digital light processing (DLP)
technique-based 3D printer, where the oxygen was consumed
by the radicals generated after the photolysis of xanthate EXEP
under violet light irradiation (405 nm, 2.0 mW cm >)."*
Herein, xanthate was employed because of its favored photo-
lysis due to lower stability of the intermediate radical and the
weaker C-S bond as compared to those of TTCs. The radicals
generated after photolysis consumed oxygen thereby affording
oxygen tolerance to the reaction system. It is noted that in the
preparation of a linear polymer under blue light irradiation
(460-470 nm), deviation of molecular weight because of the
oxidation of some portion of EXEP was observed with a long
induction period.'®*

3.4.1.3. Photomediated cationic RAFT polymerization and
others. Oxygen tolerance in PET-RAFT and photoiniferter poly-
merization is achieved by converting oxygen to reactive oxygen
species which is then trapped or deactivating oxygen by cou-
pling with excess radicals. For example, DMSO acts as both a
solvent and a singlet oxygen quencher, and thus it is extensively
used for oxygen-tolerant polymerization. In contrast, oxygen
tolerance of photomediated cationic RAFT polymerization
remains elusive presumably because cationic propagating
species cannot capture oxygen and this polymerization method
is not compatible with DMSO due to the high Lewis basicity of
DMSO."" Cationic reaction intermediates are insensitive to
oxygen, but oxygen tolerance of photomediated cationic RAFT
polymerization has not been studied.

In other polymerizations, enzymes are utilized. This enzymatic
degassing strategy harnesses the intrinsic enzymatic activity to
reduce oxygen, so the oxygen tolerance is achieved regardless of
irradiation and decoupled from light. Glucose oxidase (GOx) or
pyranose oxidase (P20x) in the presence of glucose reduces oxygen
to hydrogen peroxide. Thus, in situ removal of oxygen was
leveraged for EY-catalyzed surface-initiated PET-RAFT polymeriza-
tion from CTA-tethered substrates under ambient conditions.'®?
Nanopure water had to be used as a solvent as the enzymatic
stability of GOx and the polymerization rate could be influenced
by residual minerals and salts in deionized water. Flavin adenine
dinucleotide (FAD), a cofactor within GOx, was reduced to FADH ™
by glucose. Upon violet light irradiation (405 nm, 11.5 W), FADH
was excited, became a highly reducing state, and initiated poly-
merization by transferring an electron to a monomer or CTA.
In addition to the deoxygenation capability by GOx, oxygen
was consumed by FADH ™ regenerating FAD. Therefore, an excess
of glucose was necessary initially for GOx and then for FAD
to continuously generate FADH™ that played a catalytic role.
This photoenzymatic RAFT polymerization was employed for
ultrahigh-molecular-weight (UHMW) polymer synthesis in an

This journal is © The Royal Society of Chemistry 2023
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aqueous solution from N-vinylcaprolactam,"®*
methyl ether methacrylate (OEGMA), and other monomers.

In conventional photomediated radical polymerization
based on Type II visible-light-sensitive photoinitiating systems,
oxygen tolerance is achieved by coinitiators and additives (e.g., amine,
thiol, silane, germane, borane, phosphine, and phosphite).'?%'°%'%”
These hydrogen donors quench inactive peroxyl radicals by
hydrogen abstraction and generate new initiating radicals. Page
and coworkers recently reported rapid visible-light-driven
thiol-ene reaction-based 3D printing of acrylic resin under
ambient conditions using a three-component photoinitiating
system (ZnTPP as a PC, and electron-donating and electron-
accepting coinitiators) (Scheme 14).'°®'% The thiol quenched
a peroxyl radical which was formed by the addition of oxygen to
the propagating radical. The resulting thiyl radical was sub-
stantially reactive than the peroxyl radical, so consequently
decreased the oxygen inhibition period and continued the
polymer network formation. Moreover, the thiol reduced
excited-state ZnTPP to yield a thiyl radical which in turn was
incorporated as a thioether within the network. The thioether
also contributed to oxygen tolerance by scavenging singlet
oxygen which was generated by TTA between excited-state
ZnTPP and triplet oxygen. Only 1 wt% thiol was sufficient to
achieve oxygen tolerance, and the mechanical properties of the
printed objects were adjustable by the thiol content.

3.4.2. Oxygen-initiated polymerization. As mentioned
above, oxygen acts as an inhibitor or a scavenger of propagating
radicals, so it needs to be physically removed or inactivated
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using PCs or additives for successful polymerization. However,
if oxygen in turn could become an initiating species (ie.,
hydroxyl radical), the reaction would proceed without prior
deoxygenation; however, the reaction can be accompanied by
imperfect temporal control due to latent radical generation.
Hydroxyl radicals are generated from oxygen in the presence of
ascorbic acid or water.

Ascorbic acid converts singlet oxygen into hydrogen perox-
ide and then reduces hydrogen peroxide into hydroxyl radicals.
Hydroxyl radicals enable polymerization in ultralow volumes
(UL scale) where deoxygenation is difficult.””® On the other
hand, hydroxyl radical-initiated polymerization could also pro-
ceed in the dark via the hydroxyl radicals after a brief irradia-
tion period.®®> Hydrogen peroxide, a precursor of hydroxyl
radicals, was generated during irradiation. Under near neutral
and basic conditions where hydrogen peroxide remained
stable, the temporal control was restored as in the case of
ZnTPPS, /ascorbic acid-catalyzed PET-RAFT polymerization of
DMAm in water."*! Inferior temporal control of polymerization
was also observed for a fluorescein/ascorbic acid system.'”*
Only the prior deoxygenation prevented the generation of the
latent radicals and stopped the reaction in the dark, but the
polymerization rate accordingly decreased owing to lowered
amount of radicals.

Oxygen in the presence of water can also generate hydroxyl
radicals. Very recently, Hou, Xiao, Zhao, and coworkers reported
that 1,3,6,8-tetrakis(4-formylphenyl)pyrene (TFPPy)-azine based
covalent organic frameworks (COFs) generated initiating hydro-
xyl radicals from water and atmospheric air under white light
irradiation (15 mW cm™?)."”> Photoinduced production of the
superoxide radical anion followed by reaction with water gener-
ated hydroxyl radicals. Thus, in a completely open vial, the
polymerization rate increased with an increase in the volumetric
ratio of water to dioxane, whereas polymerization did not
proceed in the absence of water. Nonpolar solvents were not
appropriate reaction media due to inefficient stabilization of
photogenerated carriers. Adding methylene blue or benzoqui-
none to scavenge the hydroxyl radical or superoxide radical
anion, respectively, led to no polymerization, supporting the
initiation mechanism. TEA promoted polymerization by enhan-
cing charge separation in the COF and the capability to trans-
form singlet oxygen into a superoxide radical anion.

3.4.3. Oxygen-accelerated polymerization. Even the pecu-
liar role of oxygen in supporting and accelerating the PET-RAFT
polymerization was observed very recently in several reports.
Herein, oxygen is directly involved in the photocatalytic cycle
for activation of the CTA (Scheme 15). In the examples dis-
cussed below, the significantly improved polymerization
kinetics were ascribed to the reduction of the CTA by the
superoxide radical anion. The superoxide radical anion was
generated either in the presence or absence of a tertiary amine.

Boyer and coworkers firstly reported the surprisingly sup-
portive role of oxygen in ZnOETPP/TEA-catalyzed PET-
RAFT polymerization under far-red light irradiation (690 nm,
3.0 mW cm*).°” DMAm and MA could be polymerized in the
presence of PC, TEA, and oxygen. “On/off”’ switchability of the
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Scheme 15 Three distinct mechanisms proposed for oxygen-accelerated
PET-RAFT polymerization. Generation of the superoxide radical anion to
reduce the CTA was achieved as described in (a) ref. 99 and (b) ref. 111 in the
presence or (c) absence of TEA as an additive.’® It is noted that to
emphasize the participation of oxygen, the complete catalytic cycles of
reagents are not described for clarity.

reaction by the introduction and removal of oxygen combined
with a constant polymerization rate in the “on” state implied
the essential role of oxygen as a catalyst. Moreover, pure oxygen,
when compared to atmospheric air, further increased the poly-
merization kinetics. Based on the experimental investigation
and DFT calculations of the formation of singlet oxygen and
the superoxide radical anion, the authors proposed the mecha-
nism of oxygen-catalyzed PET-RAFT polymerization. The super-
oxide radical anion, which was generated via the reduction of
singlet oxygen by TEA, reduced excited-state ZnOETPP to pro-
ceed PET-RAFT polymerization via RQP (Scheme 15a and Fig. 7).

The peculiar role of oxygen, namely the ‘oxygen-mediated
reductive quenching pathway (O-RQP)’, was also reported by
Boyer, Liu, and coworkers."'" Herein, oxygen allowed the activa-
tion of the CTA, which otherwise was restricted by the unfavorable
thermodynamics of the PC exhibiting long wavelength absorption
either via conventional OQP or RQP. The excited-state PC gen-
erates singlet oxygen, which is reduced to a superoxide radical
anion by TEA. It was this superoxide radical anion that directly
activated the CTA via single-electron transfer and activated the
polymerization (Scheme 15b and Fig. 8). Combined experimental
and theoretical investigations of the PET-RAFT polymerization
of MA in DMSO using four model (metallo)porphyrin-based
PCs revealed that the thermodynamic viability of O-RQP pre-
dominantly depended on the singlet oxygen generation ability
of the PC, rather than the electron transfer ability. In particular,
via O-RQP in the presence of oxygen, the fastest kinetics was
achieved as compared to that via other pathways. Finally, as
expected, four phthalocyanines that were previously considered
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Fig. 7 (a) The proposed mechanism of ZnOETPP/TEA-catalyzed PET-
RAFT polymerization accelerated by oxygen. Kinetic plots of (n([Mlo/[M],)
vs. reaction time (b) under different atmospheres and (c) in gas and light
dual-gated polymerization. Monomer: MA; CTA: BTPA; additive: TEA (one
equivalent relative to the CTA). Adapted with permission from ref. 99
(Copyright 2019 John Wiley & Sons, Inc.).

inactive for PET-RAFT polymerization via the conventional mecha-
nisms became successful PC candidates for well-controlled PET-
RAFT polymerization under red to NIR light irradiation (590, 660,
730, and 780 nm depending on PCs, 10 mW cm ™ ?) via the newly
proposed O-RQP (Scheme 16a). This mechanism was partially
valid for aqueous polymerization in water using a water-soluble
phthalocyanine ZnPCS,~ (Scheme 16b)."”* Herein, reactive oxygen
species did not directly activate the CTA, but participated in the
generation of other initiating radicals. Water as a hydrogen donor
transformed the superoxide radical anion into a hydrogen peroxyl
radical, which is a precursor of hydrogen peroxide. Hydrogen
peroxide was then activated by excited-state ZnPCS, to form an
initiating hydroxyl radical. Based on experimental and DFT
calculations, this proposed pathway was more favored than OQP
and RQP, leading to successful demonstration of polymerization
in water under NIR irradiation (730 nm, 12 mW cm™?). Another
water-soluble phthalocyanine possessing several ethylene glycol
units could also catalyze PET-RAFT polymerization under NIR
irradiation (730 nm, 75.7 mW cm ?) only in the presence of
hydrogen peroxide under a N, atmosphere,’”* supporting the
proposed mechanism for initiation. This newly proposed O-RQP
is thus promising to widen the scope of PCs in catalyzing PET-
RAFT polymerization at longer wavelengths; nevertheless, the
stability of PC candidates in the presence of reactive oxygen
species must be considered. Hou, Xiao, and coworkers reported
a similar system for heterogeneous PCs involving porphyrins.'”>
As the head space or amount of oxygen in the sealed reaction
vessel increased, the polymerization rate was accelerated albeit
with the lengthened induction period. TEA-catalyzed depletion of

This journal is © The Royal Society of Chemistry 2023
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(a) Chemical structure of ZnTSP. (b) Kinetic plot of In([M]o/[M];) vs. reaction time and temporal control of model PET-RAFT polymerization via

OQP (green), RQP (blue), and O-RQP (red). (c) Schematic representation of thermodynamic viability (denoted by Gibbs free energy change [kcal mol™Y])
for each mechanism. Written in grey are threshold values for each step. Monomer: MA; CTA: DTPA; additive: TEA (0.5 equivalent relative to the CTA).

Adapted with permission from ref. 111 (open access).

singlet oxygen and the formation of the superoxide radical anion
were experimentally confirmed by UV/Vis and electron spin
resonance (ESR) spectroscopy.

Very recently, Kwon and coworkers in collaboration with
Gierschner and Koo reported 3DP-MSDP-IPN as a novel organic
PC for additive-free oxygen-accelerated polymerization in ambient
and aqueous environments.'”® The mechanism was similar to
O-RQP''" in terms of generation of singlet oxygen by the excited-
state PC and activation of the CTA by the superoxide radical
anion. However, Stern-Volmer analysis suggested that the excited-
state PC was likely to be quenched by oxygen rather than by the
CTA, which means that in the presence of a PC possessing a
suitable redox potential, the superoxide radical anion could be
generated without an external reductant (Scheme 15c). Ag,S NCs
also exhibited a similar phenomenon.®® Using potassium super-
oxide as a source of the superoxide radical anion, the polymeriza-
tion still proceeded in the absence of Ag,S NCs, confirming the
proposed mechanism for oxygen-accelerated polymerization.

Nevertheless, it should be noted that the abovementioned
oxygen-accelerated polymerization, such as via O-RQP, is
mechanically distinct from the previously reported oxygen-
demanding polymerization using alkylborane (complex) as a
precursor of the initiating radical. For example, triethylborane
reacts with oxygen to liberate an ethyl radical, which reacts with
another oxygen to generate a peroxyl radical. The peroxyl radical
then reacts with triethylborane to generate an ethyl radical as an
initiating species (Scheme 17a). Therefore, polymerization can
be initiated and externally regulated by the presence of

77 If alkylboranes are complexed, the complex first needs

oxygen.
to be decomplexed for further processes.'”® Wu and coworkers

a)

ZnTtBAzP
B nm 660 nm

ZnTtBPC

ZnOBOPC
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reported both oxygen-demanding and photocontrolled polymer-
ization based on light-induced decomplexation of the alkylbor-
ane complex.'”® Upon UV light irradiation, the photoacid in the
triethylborane-amine/photoacid complex 1,3-diaminopropane-
triethylborane (DAPTB)/Ph,I" generated a proton which subse-
quently released ethylborane to consecutively initiate polymer-
ization (Scheme 17b).

4. PET-RAFT polymerization

4.1. Overview

This section aims to summarize the research on PET-RAFT
polymerization. First of all, the reported PCs are outlined in
Section 4.2. The next sections summarize the applications of
PET-RAFT polymerization such as for preparation of polymers
with precise control over their characteristics (e.g., sequence,
architecture, polymer tacticity, and dispersity). PET-RAFT polymer-
ization has been widely applied to various applications owing to its
uniquely distinct features in contrast to the conventional RAFT
polymerization. In particular, surface-initiated polymerization to
functionalize a given surface, 3D/4D printing technologies, and
stereolithography along with the advent of advanced techniques,
such as flow chemistry and high-throughput (HTP) synthesis, would
pave the way to the industrial applications. If worth mentioning, the
newly designed functional monomers are also introduced.

4.2. PCs for polymerization

Since the first employment of Ir(ppy); as a PC in 2014,' along
with the increasing number of applications, the scope of PCs has

ZnTtBNPC
780 nm

Scheme 16 Chemical structures of the phthalocyanines discovered for PET-RAFT polymerization at longer wavelengths (>590 nm) via O-RQP.1*
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been accordingly widened to realize PET-RAFT polymerization of
various monomers under a wide range of wavelengths. In brief,
the development of PCs has been directed as follows. Concerns
regarding environmental issues of transition metals have
led to development of metal-free (in)organic alternatives, which
increased the environmental compatibility of PCs and elimi-
nated the potential harm in applying the prepared polymeric
materials in electronic and/or biomedical fields."*>'®" In the
case of biomedical applications, PCs that can be activated under
irradiation at longer wavelengths are desired as deeper penetra-
tion length and lower energy would allow polymerization in the
presence of biomolecules and eventually enable in vivo polymer-
ization in the near future. Last but not least, heterogeneous PCs
that can be easily purified and reused for the next polymeriza-
tions have also gained interest. In any case, highly efficient
photocatalytic performance of a PC that realizes polymerization
at low catalytic loading and/or endows the reaction system with
oxygen tolerance is desired.

During the search of PCs, researchers initially adapted PCs
that were efficient for other types of visible-light-driven organic
transformations including RDRPs, solar energy conversion,
or water splitting, and successfully demonstrated PET-RAFT
polymerization using a wide range of PCs. Apart from these
trial-and-error strategies, recently emerging approaches are
based on investigation of the structure-property/performance
relationship of conventional PCs and computer-guided design
of novel PCs.”*'®> These general design strategies have been
quite well established and allow efficient, systematic, and
rational design of novel PCs. For details on the rational design
of PCs, please refer to the review articles by Boyer, Miyake, Liu,
and coworkers, who have summarized the effects of the struc-
tures of PCs on their photocatalytic activities (light absorption,
quantum yield, and redox properties) in various photo-
controlled polymerizations (including PET-RAFT and photome-
diated cationic RAFT polymerizations),"®* and Kwon and cow-
orkers, who have particularly focused on the recently emerged
purely organic PCs since 2016.*%*

In the following sections, the reported PCs are categorized
into metal-based, organic, inorganic, and modified PCs. The
types of PCs are briefly described, while the detailed applica-
tions are mentioned throughout Sections 4.3 and 4.4. For
representative PCs, structures of the PCs are provided with
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the used wavelengths and monomers reported for polymeriza-
tion (Table 1). It is noted that PET-RAFT polymerization pro-
vided high tolerance of functional groups incorporated into
monomers (Scheme 18). For example, by PET-RAFT polymer-
ization using Ir(ppy);'®° or EY,"® macrocyclic allylic sulfones,
which introduce degradable ester bonds along the polymer
backbone, could be evenly distributed within a nearly ideal
random copolymer of macrocyclic allylic sulfones and acrylic
monomers, which otherwise is not achieved by thermally
initiated RAFT polymerization. The even distribution of degrad-
able moieties along the copolymers led to significantly
improved degradation behaviors.

4.2.1. Metal-based PCs. Ir(ppy)s, as the PC employed for
PET-RAFT polymerization for the first time,*! is one of the most
extensively applied PCs. A wide range of monomers ranging
from challenging unconjugated monomers (i.e., vinyl acetate
(VAc), N-vinylpyrrolidinone (NVP), and vinyl benzoate
(VBz)),*"*% vinyl ketones,"**'®” to monomers bearing various
functional groups (e.g., metallocene,'®® amino acids,'®® and
fluorine'*'!) were successfully polymerized. Another transi-
tion metal-based Ru(bpy);Cl, exhibited less efficient photoca-
talytic performance than Ir(ppy)s, > but expanded the scope of
solvent of PET-RAFT polymerization to alcoholic dispersion'®>
and aqueous systems'?>'** owing to its water-solubility. More-
over, owing to its traditional usage as an electrochemilumines-
cence (ECL) probe, after the Ru(bpy)s;Cl,-catalyzed
polymerization to synthesize surface-modified gold NPs as a
solid substrate of ECL sensors, Ru(bpy)sCl, need not be pur-
ified. Based on these wide utilities, Ir(ppy);***> and Ru(b-
py)sCL,**®* have been a model PC in the recently emerging
field of systematic investigation of the PET-RAFT polymeriza-
tion mechanism.

Chlorophyll a, a naturally occurring visible-light-absorbing
PC for photosynthesis in green plants, is considered the first
non-transition metal-based PC and it allowed utilization of low-
energy red light (635 nm) for PET-RAFT polymerization for the
first time.'®'® Bacteriochlorophyll a, which is present in
purple bacteria and absorbs at even longer wavelength
(>900 nm), further expanded the wavelength range of PET-
RAFT polymerization to the far-red (780 nm) and NIR region
(850 nm)."*® Metalloporphyrins were also effective under red
light irradiation (635 nm).'®> Among the metalloporphyrins
embedded with different core metals (zZn**, Ni**, Co®>*, and
Fe’"), only ZnTPP catalyzed the polymerization as its high
triplet state quantum yield (0.88) and low @g; (0.04) increased
the probability of photoinduced electron transfer at the triplet
excited state. Aluminum (AI**) porphyrin complexes were
recently discovered for polymerization under blue light irradia-
tion (460 nm, 5 mW cm™>)."”” On the other hand, free base
porphyrin without the core metal still retained photocatalytic
ability albeit with a slow polymerization rate, owing to ineffec-
tive collision between free base porphyrin and CTA.'*® The
polymerization rate was significantly enhanced by covalently
tethering the CTA to free base porphyrin.

ZnTPP demonstrated a wide absorption profile, so PET-
RAFT polymerization could be performed under blue, green,

This journal is © The Royal Society of Chemistry 2023
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Table 1 Representative PCs employed for PET-RAFT polymerization
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CTA-monomer pair

Irradiation

PC wavelengths Dithiobenzoates

Trithiocarbonates Xanthates

Metal-based PCs - Section 4.2.1

N HPMAmM
| = Blue (435-470 nm)

(Others)—

White

2*acI1”

9
Ny
N Blue (435-470 nm)
g
Ru(bpy)3C|2

ZnTPP
Organic PCs - Section 4.2.2

Red (635 nm)
Yellow (560 nm)
Green 530 nm)

White

OEGMA, PFPMA

Blue (450-483 nm)
Green (520-530 nm)

CBMAm, HPMAmM

yellow, orange, and red light irradiation (460, 522, 565, 595, and
635 nm, respectively).'® Nevertheless, red light has been
typically used in subsequent studies. Several ZnTPP derivatives
were employed as well. Water-soluble analogues including
ZnTPPS, 8131133199 and ZnTMPyP'*7%2%! or supramolecular
ZnTPOR/cucurbit[7]uril which exhibited improved water-solubi-
lity compared to ZnTPOR>** catalyzed polymerization in aqueous
systems. In the case of supramolecular ZnTPOR/cucurbit[7]uril,
host-guest complexation between cucurbit[7]uril and TPOR also
prevented self-aggregation-induced quenching of excited-state
ZnTPOR in water and reduction of photocatalytic performance.
Similarly, self-aggregation of ZnTPP at high concentration in
DMSO was reduced by linking polyhedral oligomeric silsesquiox-
ane (POSS) to ZnTPP.*** ZnOETPP could absorb far-red light

This journal is © The Royal Society of Chemistry 2023

MMA, OEGMA, TFEMA

BzMA, MMA, OEGMA

COAEMA, MAEFe
-BA, BzA, MA, OEGA, TFEA

« (Methacrylates)

<« (Acrylates)

« (Methacrylamides)
DEAm, DMAm, NAM, NIPAm, N-acryloyl « (Acrylamides)
amino acids

Isoprene, St, VAc, vinyl ketones, macrocyclic
allylic sulfone

Fluorinated monomers

DVP, NVP, VAc, VBz,
VvCz, VP
VDF

HPMA, MAA
DEGA, MA, NASS, OEGA

DEAm, DMAm, NAM, NIPAm
St

BzMA, DMAPS-MA, GMA, HEMA, HPMA,
MMA, MPC, MTEMA, NBMA, NHSMA,
OEGMA, TFEMA

n-BA, t-BA, Boc-AEA, BzA, CHA, DEGA,
DMAEA, EA, EHA, n-HA, HEA, HPA, IBOA,
MA, MSEA, OEGA, TEGDA, TFEA

AAm, AAPTAC, -BAm, Boc-AEAm, Cp-
DIBAC, DAAm, DEAm, DMAm, HEAm, NAM,
NIPAm, PEAm

St, VBA

DEAm, DMAm, HEAm, NAM

BzMA, DMAEMA, GMA,
HEMA, MAA, MMA,

HFBMA, MMA
n-BA, -BA, HEA, MA, OEGA, PEGDA

AMPS, DAAm, DEAm, DMAm, FSAm, HEAm,
NAM, NIPAm, PEG-based monomers, sac-
charide- and peptide-based monomers
BTP, NaSS, St, vinyl ketones, macrocyclic
allylic sulfone

(690 nm), but could catalyze polymerization only in the presence
of oxygen and TEA, which is contradictory to the common role of
oxygen in inhibiting the polymerization®®

Very recently, phthalocyanines were discovered for PET-
RAFT polymerization under red to NIR light irradiation
(Scheme 16)."""'”® These molecules exhibiting long wavelength
absorption were inactive for polymerization via OQP and RQP
owing to the unfavorable thermodynamics, but became active for
polymerization via O-RQP in the presence of oxygen and tertiary
amines. For a detailed explanation on the role of oxygen in the
case of ZnOETPP and phthalocyanines, please see Section 3.4.2.2.

4.2.2. Organic PCs. Organic PCs reduce the potential nega-
tive impacts of residual transition metal components on poly-
meric materials for electronicand biological applications.*¢'8%81

Chem. Soc. Rev,, 2023, 52, 3035-3097 | 3057
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Scheme 18 Chemical structures and abbreviations of monomers employed for PET-RAFT polymerization. The asterisk denotes that only a selected

monomer is shown.

In the initial investigations of the photocatalytic capabilities of
commercially available and non-toxic organic dyes (i.e., EY, fluor-
escein, methylene blue, Nile red, and rhodamine 6G) in PET-RAFT
polymerization, EY and fluorescein were found to be efficient.*®
Since then, EY has been extensively utilized as a PC under green
and blue light irradiation, owing to its adequate catalytic effi-
ciency and water-solubility. Later studies revealed that Rose
Bengal,”® EB,*** and Phloxine B,”** which share the common
fluorescein scaffolds (Scheme 19), could also catalyze the
polymerization.

EY has been widely applied as a PC in various organic
transformation reactions via photoredox catalysis.”’’® In this
regard, researchers have employed other classes of previously
reported organic PCs (e.g., phenothiazines, phenazines, and
cyanoarenes) for PET-RAFT polymerization (Scheme 19). For
example, PTH, which realized photoinduced organocatalyzed
ATRP (O-ATRP) for the first time,>*® promoted the PET-RAFT
polymerization of acrylates and acrylamides under irradiation
using a CFL*” or at 400 nm.>*® Incorporation of electron with-
drawing groups (i.e., n-butylphenyl and hydrofluorocarbons) into
PTH caused a red-shift in absorption profiles, and thus enhanced

3058 | Chem. Soc. Rev,, 2023, 52, 3035-3097

visible-light-absorbing abilities in the case of PTH-2,>*
PTH-3,'*" and PTH-4.>'> Moreover, fluorinated PTH-4 provided
better control over the polymerization of fluorinated polymers as
compared to non-fluorinated PTH-3, owing to the fluorine-fluor-
ine interaction between the PC and the propagating chain-end.”*?
PTH-5 with the extended conjugation exhibited lower E;; and
higher EJ, than PTH-3, which led to favored initial electron
transfer from the excited-state PC to xanthate and subsequent
electron transfer from the xanthate anion to the one-electron-
oxidized PC.>"* A series of phenazine-based PCs developed by
structural modification of 5,10-diphenyl-5,10-dihydrophenazine
exhibited disparate photocatalytic activities in PET-RAFT polymer-
ization under blue light irradiation (460 nm).*** Likewise, covalent
structural modification of the known PC scaffolds, including
extension of the conjugated structure or change of substituents,
has been widely applied to modulate the performance of PCs in
polymerization under desired reaction conditions (e.g:, irradiation
wavelengths and chemical properties of reagents).

As the structures of PCs affect their catalytic abilities for
PET-RAFT polymerization, a comprehensive investigation of
commercial fluorescein derivatives guided the development of

This journal is © The Royal Society of Chemistry 2023
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Scheme 19 Four representative scaffolds of organic PCs discovered for
PET-RAFT polymerization.

a novel PC Henry-1.>!* Herein, the photophysical properties

studied by DFT calculations were compared with the experi-
mental results of the polymerization. On the other hand, the
discovery of TBrFL was fully guided by DFT calculations.’® In a
similar vein, via a synthetic platform proposed for the design of
organic PCs based on strongly twisted donor-acceptor scaffolds,'®>
a combination of various donors and acceptors provided a large
number of PC candidates with predictable photophysical and
electrochemical characteristics. Thus, highly efficient cyanoarene
derivatives 4DP-IPN*"> and 3DP-MSDP-IPN"”® were newly designed
for PET-RAFT polymerization in an organic and aqueous system,
respectively. The outstanding photocatalytic performances of all
systematically designed PCs (ie., Henry-1, TBrFL, 4DP-IPN, and
3DP-MSDP-IPN) were ascribed to efficient generation of a triplet
excited state and appropriate excited-state redox potentials, propos-
ing the key design principle of next-generation PCs for PET-RAFT
polymerization.

Thus far, perylene,”'® benzaldehyde,*”>"* benzothiadiazole,”*
PheoA,"® reduced free base porphyrin,”' fluorophenyl bac-

View Article Online

Review Article
teriochlorin,”** self-assembled carboxylated porphyrin (SA-
TCPP),***  g-C3N,,'*»144224225  noly(1,4-diphenylbutadiyne)-
nanofibers  (PDNB-NF),***  imine-based COFs,”” and
(heteroatom-doped) carbon dots>*® have been reported as
organic PCs. Among them, SA-TCPP, g-C3;N,, imine-based
COFs, and PDPB-NF were heterogeneous, so they can be
separated after the polymerization and reused several times.
Moreover, biomolecules such as flavin mononucleotide®*® and
FAD cofactor'®*'®® were employed. FAD is a cofactor of GOx
and is reduced to FADH™ in the presence of glucose. FADH
exhibits a high excited-state reducing power, so could catalyze
photoenzymatic RAFT polymerization under violet light irradia-
tion (405 nm).

4.2.3. Inorganic PCs. Numerous inorganic materials
including Ag;P0,4,>*° Ag,S NCs,*® semi-conducting nanomater-
ials (i.e., Zn0,”*"' Zng g,Fe; 3604, "> Bi03,>%” and CdSe->**7>3°
and Si-based quantum dots (QDs)**®), and upconversion nano-
particles (UCNPs) (i.e., CsPbBr,I;., perovskite NCs**” and NaYF,:
Yb**/Tm** and NaYF,:Yb*/Er** NPs**®) have been employed for
PET-RAFT polymerization (Table 2).>*° Several studies showed
that the catalytic performance of PCs was affected by size*** and
morphology**® of the prepared PCs.

It is noted that Ag;PO, could be activated in the NIR region
(940 nm) owing to the localized surface plasmon resonance
effect.>*° NaYF,:Yb*"/Tm*" and NaYF,:Yb*'/Er*" NPs,>*® and
CsPbBr,I;_, perovskite NCs*>*” could also utilize NIR light
owing to their upconversion properties and an extremely large
two-photon absorption cross-section, respectively. NaYF,:Yb*"/
Tm®" and NaYF,:Yb*"/Er*" NPs absorbed NIR light (980 nm) and
emitted light at 325-380 and 425-500 nm via upconversion.>*®

Moreover, based on the heterogeneity of inorganic PCs,
recovery and reusability of the used PCs for the next polymer-
izations were demonstrated for several PCs such as CdSe-based
QDs,*** Zng e4Fe, 3604, and Bi,05.2** These PCs were typically
retrieved by simple centrifugation, whereas magnetic Zng g4
Fe, 3604 could be recovered with a magnet.

4.2.4. Modified PCs. Besides the structural modification
strategies, small molecule PCs have been modified by their
immobilization on heterogeneous supports. The resulting PCs
became heterogeneous, allowing the simple catalyst recovery
from the polymerization mixtures through centrifugation or
filtration. For example, free base porphyrin and ZnTPP were
immobilized onto cotton thread (Fig. 9a),>*° sponges,**' and
silica microspheres.”*> EY was conjugated to cotton thread>*’
and silica NPs.>** Surface-initiated copolymerization of acrylate-

Table 2 Operational irradiation wavelengths of reported inorganic PCs for PET-RAFT polymerization

PC Irradiation wavelengths

Ags;PO, Blue (465 nm) Green (525 nm) Red (625 nm) NIR (780, 940 nm) Sunlight

Ag,S NCs Blue (455 nm) Green (515 nm) Red (630 nm) Sunlight

Zng g4Fe; 3604 Sunlight

Bi,03 White

CdSe QDs Blue (465 nm) Green (532 nm) White, sunlight
Si QDs Blue (460 nm) White

CsPbBr,I;_, NCs
NaYF.:Yb*"/Tm?*" and NaYF,:Yb*"/Er*" NPs

Blue (460 nm)

This journal is © The Royal Society of Chemistry 2023

Green (535 nm)

Red (635 nm)
NIR (980 nm)
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functionalized fluorescein with MA from glass beads provided
fluorescein-immobilized glass beads (Fig. 9b).>*>**° The catalytic
performance was comparable to that of their small molecule
counterparts and was preserved after repeated recoveries.
Moreover, after its conjugation to silica NPs, the stability of EY
against photodegradation was enhanced.>** Immobilization of
Ir(ppy)s, " ZnTPP,"** and carbon dots'® on functional materials
such as magnetic nanocomposites led to switchable catalytic
performance in response to an external magnetic field. Agglom-
eration of the modified PCs limited the access and electron
transfer between PC and CTA, and subsequent polymerization.

PCs can be covalently incorporated into a macromolecular
network. Via the introduction of polymerizable vinyl moieties
into PCs, followed by copolymerization with different monomers,
macromolecular versions of PTH** and EY**”**® were prepared.
Copolymerization with NIPAm resulted in PC-embedded poly-
(NIPAm)s with thermoresponsive behavior, allowing the purification
of macromolecular PCs by heating the reaction mixture at
temperatures above the LCST (Fig. 9¢).°**"” Amine-
functionalized EY served as a monomer for ROP between
diglycidyl and diamine monomers for the preparation of an
interpenetrating polymer network.”*® The prepared PC-based
copolymers could be grafted onto the commercial ultrafiltration
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250,251 These PC-tethered membranes served as an

membranes.
integrated synthesis-separation system by catalyzing the poly-
merization and efficiently filtering unreacted monomers and
other reagents after the polymerization. On the other hand,
Sonogashira-Hagihara reactions between halogen substituents
of xanthene dyes (i.e., EB and Rose Bengal) and dialkynes®” and
Debus-Radziszewski reactions between amine-terminated por-
phyrins and imidazolium bromides®** generated PC-conjugated
porous polymer frameworks. Cross-linking between hydroxy-
terminated porphyrins and dichlorodimethylsilanes provided
twisted 3D structures with open catalytic sites.>>>*** The effec-
tive catalytic performance was ascribed to the large surface area
of catalytically active sites, prevention of aggregation of porphyr-
ins and concomitant reduction of quenching of excited-state
porphyrins.

COFs or MOFs also served as heterogeneous platforms. 2D
porphyrinic COFs were synthesized through polycondensation
reactions between amine-terminated porphyrins and multiva-
lent aldehydes.>*®**® 3D MOFs synthesized from zirconium-
based clusters and porphyrins showed catalytic activities
dependent on their crystal structures (Fig. 9d).>*” During the
synthesis of 3D MOFs from free base- or zinc-embedded
porphyrins as organic ligands and zinc-based clusters as metal
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Fig. 9 Chemical structures and photographs of (a) free base porphyrin, (b) fluorescein, and (c) EY immobilized on heterogeneous supports or polymers.
(d) Crystal structures, TEM images (top) and UV/Vis absorption spectra of 3D zinc porphyrinic MOFs, and monomer conversions in the polymerization of
MA from BTPA using various 3D zinc porphyrinic MOFs under irradiation (9 mW cm™2) (bottom). (e) Schematic representation and UV/Vis absorption
spectrum of the 2D zinc porphyrinic MOF, and kinetic plots of In([M]o/[MIy) vs. reaction time in the polymerization of MA from BTPA using the 2D zinc
porphyrinic MOF under irradiation (10 mW cm™2). Adapted with permission from (a) ref. 240 (Copyright 2018 American Chemical Society), (b) ref. 245
(Copyright 2022 The Royal Society of Chemistry), (c) ref. 247 (Copyright 2021 American Chemical Society), (d) ref. 257 (Copyright 2020 John Wiley &
Sons, Inc.), and (e) ref. 258 (Copyright 2021 John Wiley & Sons, Inc.).
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nodes, addition of polyvinylpyrrolidone (PVP) induced aniso-
tropic growth of the frameworks and generation of ultrathin 2D
nanosheets (Fig. 9¢).””® Ultrathin 2D nanosheets demonstrated
more rapid polymerization kinetics than 3D MOFs owing to the
higher aspect ratio, larger surface area, and more accessible
catalytically active sites,'*%>°%2%°

4.3. Applications

High end-group fidelity in PET-RAFT polymerization allows the
one-pot synthesis of multiblock copolymers comprised of vinyl
monomers with various side chains via chain extension with
subsequently added monomers. Multiple extensions technically
would lead to the preparation of (ultra)high-molecular-weight
polymers (Section 4.3.5). Vinyl ethers and cyclic monomers (e.g.,
cyclic esters, thiiranes, and epoxides) which are ionically (not
radically) polymerized can also be manually incorporated into
the polymers at the designated positions with tunable lengths
and numbers of blocks. This is owing to the orthogonality and
compatibility of PET-RAFT polymerization with other polymer-
izations (Section 4.3.1.2). Moreover, by introducing specially
designed monomers, CTA, or any additives, the control of
architecture (Section 4.3.2), stereochemistry (Section 4.3.3), and
dispersity (Section 4.3.4) has been achieved. It is noted that to
fully demonstrate the versatility of PET-RAFT polymerization,
strategies that include “click” reactions to synthesize structurally
diverse polymers by linking multiple polymers possessing pre-
or post-functionalized chain ends into a single chain are not
discussed here. Becer and coworkers described various meth-
odologies for multiblock copolymer synthesis.>*

4.3.1. Sequence control

4.3.1.1. Multiblock copolymer synthesis. Multiblock copolymers
are synthesized by a number of successful chain extensions.
After each step, end-group fidelity should remain high, and the

S Reaction conditions s R Chain )SI\ R R R :]: L
H (PC/monomer/ atmosphere) H extension OH WhereR= 0”0 [Nige}
/(/93\ SJI\S)ﬁfO /(A)?S)LS n 0 —— /G\)a\ S S | m n | |
o

S DMSO, RT
435 nm (4.8 W)
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reactivity of the PC should be retained to restart polymerization
reaction upon addition of new monomers. In their first dis-
covery of PET-RAFT polymerization using Ir(ppy); as a PC in
2014, Boyer and coworkers leveraged the effective retention of
the DTB end group of the polymer to demonstrate whether
chain extension could yield di-, tri, or even deca-block
copolymers.>* The decablock copolymer of MA ([poly(MA)];o,
My gpc = ~82000 g mol™" and P = ~1.40) was synthesized
from BTPA by ten repeated quantitative polymerizations of MA
(58-144 equivalents to the macroinitiator) dissolved in degassed
DMSO as the viscosity of the reaction mixture increased with the
number of polymerizations. Neither isolation of the macroini-
tiators nor an additional amount of PC was required. The tailing
of GPC traces at the low molecular weight region was attributed
to dead polymers and the gradual decrease in end-group fidelity
(Fig. 10a). The final end-group fidelity after the tenth polymer-
ization was calculated to be 68% from the deconvolution of the
MWD. Similarly, the pentablock copolymer of five different
monomers (methyl, ethyl, n-propyl, n-butyl, and n-pentyl acry-
late) with the target DP of 50 for each monomer was synthesized
from BSTP (M, gpc = 28390 g mol™", P = 1.14, and end-group
fidelity = ~80%).>*" By adding Ir(ppy)s; of 10 ppm relative to the
monomer in the polymerization of the first monomer, >89%
monomer conversion was achieved in 24 hours and 48 hours for
the first three and rest two reactions, respectively. The authors
decided to increase the reaction time instead of the catalytic
loading to avoid the loss of the end group which appeared in the
GPC traces. A functional triblock copolymer of the monomers
possessing ketone and trimethylsilyl-protected alkynes could
also be synthesized although the fast reactivity of the latter
monomer was considered to increase the dispersity to 1.24.
Ru(bpy);Cl, was the first reported PC that enabled the
synthesis of [poly(MA),¢]10-b-poly(MA)e, and [poly(DMAm)e]s-

e

o MA DMAm
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Fig. 10 Multiblock polymers of MA and DMAm obtained by PET-RAFT polymerization. Evolution of MWDs, M,, M,/M,, and end-group fidelity vs.
number of cycles of chain extensions for (a) Ir(ppy)s- and (b) Ru(bpy)sCl,-catalyzed reactions. Adapted with permission from (a) ref. 31 (Copyright 2014
American Chemical Society) and (b) ref. 129 (Copyright 2014 American Chemical Society).
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b-poly(DMAm);o, in DMSO in the presence of oxygen when
used at 20 ppm and 10 ppm, respectively, under blue light
irradiation (435 nm, 4.8 W) (Fig. 10b)."* Herein, neither the
reaction vessel nor the monomer solution was degassed, but
polymerization was controlled such that the end-group fidelity
determined by GPC remained higher than 86% and dispersity
did not exceed 1.2. Owing to its aqueous solubility, Ru(bpy);Cl,
was also employed for the oxygen-tolerant and rapid synthesis of
a water-soluble triblock copolymer.”® Ru(bpy);Cl, (25 ppm
relative to the monomer) with ascorbate (two equivalents relative
to BTPA) was employed to prepare poly(N-acryloylmorpholine
(NAM)),¢-b-poly(N,N-diethylacrylamide (DEAm))4o-b-poly(DMAm),,
in water within an hour under blue light irradiation (470 nm,
26 mW cm ™ 2). Employment of a continuous flow reactor further
enhanced the polymerization kinetics. EY disodium salt in
combination with TEOA (0.01 and one equivalent relative to
the CTA, respectively) allowed the rapid oxygen-tolerant synth-
esis of the triblock copolymer poly(DMAm),yo-b-poly(DMAm)s,-
b-poly(DMAm)s, (P = 1.39) and [poly(DMAm),,]; (P = 1.24)
within 15 minutes without prior deoxygenation.'*® Meanwhile,
ZnTPP that could achieve oxygen tolerance in DMSO without
any additives solely pushed the limit to HTP polymerization
in a 96-well plate. At diluted monomer concentration (1.0 M),
400 ppm of ZnTPP under yellow light irradiation (560 nm,
9.7 mW em ) provided [poly(NAM),s]s (Mp gpc = 20900 g mol "
and P = 1.19) with low molecular weight tailing.>** This simple
and efficient ZnTPP-catalyzed HTP polymerization has enabled
the simple and efficient synthesis of high-order block copoly-
mers to construct a library of polymers with varying sequences,
compositions, molar ratios between different monomer func-
tionalities (e.g., cationic, hydrophobic, and hydrophilic), or
structures, which revealed the relationship between the struc-
tures and properties of polymers in antimicrobial activities****%*
and polymer-protein binding interactions.>***®

Liao, Lalevée, and coworkers developed a novel organic
PC oxygen-doped anthanthrene (ODA) for metal-free synthesis
of [poly(n-BA)];o (MnGpc = ~143.2 kg mol " and D = ~1.31)
(Fig. 11).>” The polymerization of the first block with ODA
(5 ppm), BTPA as the CTA, and n-BA as the monomer (100
equivalents relative to BTPA) under blue light irradiation
(455 nm, 3 mW cm %) was followed by multiple chain exten-
sions with degassed n-BA (100 equivalents relative to the
macroinitiator) for four hours per step.

4.3.1.2. Incorporation of various monomers into a single polymer
chain. PET-RAFT polymerization with radical intermediates is ortho-
gonal to other polymerizations with ionic intermediates. Moreover,
the use of light as an energy source allows selective activation of
PET-RAFT polymerization and consumption of radically polymeriz-
able vinyl monomers (e.g., (meth)acrylates and (meth)acrylamides)
from the reaction mixture in which ionically polymerizable mono-
mers (e.g., vinyl ether and cyclic monomers) also exist. The remain-
ing monomers can be independently polymerized in the presence
of corresponding initiators. Therefore, using appropriately designed
initiators, various monomers can be incorporated into a single
polymer chain via dual polymerization processes.
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Fig. 11 Multiblock polymers of n-BA obtained by ODA-2-catalyzed PET-
RAFT polymerization. Evolution of M, M,,/M,, and MWDs vs. number of
cycles of chain extensions. Adapted with permission from ref. 267 (Copy-
right 2022 The Royal Society of Chemistry).

First of all, the same dormant TTC can be activated to
undergo either PET-RAFT or (photomediated) cationic RAFT
polymerization. Fors and coworkers, for the first time, reported
wavelength-dependent activation of Ir(ppy); at 450 nm for PET-
RAFT polymerization of MA and of pyrylium tetrafluoroborate
salt at 520 nm for photomediated cationic RAFT polymerization
of iBVE (Table 3, entry 1)."** However, as the pyrylium salt also
exhibited absorption at 450 nm, the catalyst loading had to be
regulated to selectively activate PET-RAFT polymerization and
avoid the synthesis of tapered block copolymers. On the other
hand, cationic RAFT polymerization could be activated by
(electro)chemical means which are completely orthogonal to
light stimuli. The CTA was oxidized by adding ferrocenium
tetrafluoroborate salt and deactivated by adding one equivalent
of DTC anion into the reaction mixture to cap the propagating
cations and reduce the ferrocenium salt (Table 3, entry 2).**° In
the electrochemical activation, the CTA was oxidized by anodic
oxidation of ferrocene (as a redox mediator) to ferrocenium and
deactivated by applying cathodic current, and the concentration
of ferrocene should be kept low to prevent the quenching of the
triplet excited-state of Ir(ppy); and block the PET-RAFT polymer-
ization (Table 3, entry 3)."'® Instead, Alaniz, Sepunaru, and
coworkers utilized PTH as the redox mediator (Table 3, entry 4).""”
As PTH catalyzed the PET-RAFT polymerization of MA (380 nm,
3 mW cm?), switching between two polymerizations by tog-
gling two corresponding external stimuli successfully generated
block copolymers of vinyl ether and acrylate up to tetrablocks.
Meanwhile, Satoh and coworkers reported that the change of
irradiation wavelength could affect the ratio of the two mono-
mers separately incorporated by two orthogonal processes and
the number of interconversions (Table 3, entry 5)."*' Herein,
cationic RAFT polymerization was kept constantly “on” by the
presence of Lewis acid B(C¢Fs); and only ZnTPP-catalyzed PET-
RAFT polymerization could be reversibly activated. Under red
light irradiation (630 nm, 45 mW), both MA and iBVE partici-
pated in polymerization. The diad sequence of iBVE in "*C NMR

This journal is © The Royal Society of Chemistry 2023
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spectra, which was not observed in the PET-RAFT polymeriza-
tion of MA and iBVE, confirmed that the Lewis acid-catalyzed
cationic RAFT and ZnTPP-catalyzed PET-RAFT polymerization
from the common CTA were interconvertible. Under green light
irradiation (525 nm, 20 mW), the contribution of PET-RAFT
polymerization was higher and the consumption of iBVE was
lower than that under red light irradiation owing to more active
generation of the TTC anion.

Other monomers including cyclic monomers (e.g., cyclic
esters and epoxides) can be incorporated into a single polymer
chain using a bifunctional initiator prepared by the function-
alization of the CTA with a hydroxyl group, for example, via the
esterification of the carboxylic acid moiety in the R group. Boyer
and coworkers firstly reported the one-pot synthesis of block
copolymers by a combination of PET-RAFT polymerization and
another polymerization method (Table 3, entry 6)."** The block
copolymer of e-caprolactone and MA was synthesized using
diphenyl phosphate and Ir(ppy); and the ratio of the length of
each block was simply controlled via the temporal control of
PET-RAFT polymerization (460 nm, 0.7 mW cm 2). You and
coworkers employed diphenyliodonium triflate that only gen-
erated photoacid in the presence of Ir(ppy); under blue light
irradiation (10 W) and then catalyzed the cationic ROP of
d-valerolactone (Table 3, entry 7)."° Ir(ppy)s could still
catalyze PET-RAFT polymerization after the addition of MA to
the reaction mixture. In this case, both processes required
irradiation such that only diblock copolymers with defined
orders could be obtained. Boyer and coworkers reported the
generation of photoacid via intramolecular cyclization of mer-
ocyanine to spiropyran followed by dissociation of the proton
under blue light irradiation (460 nm, 0.7 m c¢cm ?) (Table 3,
entry 8)."'® ZnTPP that absorbs at 635 nm afforded orthogon-
ality in wavelength and thus selective activation of two poly-
merizations. However, upon changing the light source from
blue to red, the ROP of §-valerolactone was not completely
inactivated due to slow inactivation of the photoacid molecule.
Effective switching between anionic ROP and PET-RAFT poly-
merization was realized using a combination of heat and light
as two external stimuli (Table 3, entry 9).""> Herein, the anionic
ROP of the cyclic thiirane monomer using quaternary onium
salts (tetraphenylphosphonium chloride) and TTC only proceeded
at >50 °C due to the energy barrier to open the ring such
that PET-RAFT polymerization of acrylamides under blue light
irradiation (5 W) was orthogonally conducted at room tempera-
ture. As the reaction temperature and irradiation wavelength
were easily switched in an orthogonal manner, interconversion
of two polymerizations five times from symmetric TTC provided
an undecablock copolymer (Fig. 12). Programmed heating and/
or irradiation, such as intermittent irradiation during heating,
enabled precise insertion of the DMA block at any position
within the homopolymer of thiiranes, which would otherwise
require careful consideration of the reactivities of monomers.

Lastly, in addition to ionic polymerization, radical-mediated
O-ATRP was selectively activated with PET-RAFT polymeriza-
tion. Boyer, Miyake, and coworkers reported that N,N-diaryl
dihydrophenazine could catalyze not only O-ATRP but also PET-

This journal is © The Royal Society of Chemistry 2023
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Fig. 12 Synthesis of an undecablock copolymer by multiple cycles of
heating and irradiation. Under heating, 2-(phenoxymethyl) thiirane (POMT)
was selectively consumed by TTC-mediated anionic ROP whereas under
irradiation DMAm was consumed by PET-RAFT polymerization. Adapted
with permission from ref. 115 (open access).

RAFT polymerization, based on the similarity between two reac-
tion mechanisms and hence the required catalytic properties.'*>
Interestingly, PET-RAFT polymerization required less amount of
PC as compared to O-ATRP of MMA. Therefore, using alkyl
bromide-functionalized CTA and by increasing the loading of
PC from 50 to 500 ppm, diblock copolymers could be obtained
via PET-RAFT polymerization of MA followed by O-ATRP of MMA.

4.3.1.3. Single unit monomer insertion (SUMI). SUMI refers to
selective insertion of a single unit monomer at a time.”®® As the
stability of the C-S bond changes after the insertion of a certain
monomer, carefully designed reaction conditions (the combination
of CTA, monomer, and PC) can only activate the initial CTA to
which the monomer is added."” The monoadduct can be isolated
and its synthesis can be confirmed by NMR, mass spectrometry,
and gel permeation chromatography. Sequential SUMI of a series of
monomers leads to discrete oligomers with known monomer
sequences, which would pave the way for synthetic polymer
chemistry to reach DNA or proteins possessing a high precision
in the monomer sequence and the resulting functionalities. For
example, the well-defined oligomers can be the building blocks for
higher-order polymers or can provide a hint at the stereochemical
effect on the activation of the diastereomeric oligomeric CTA,
which has been challenged by the difficulties in the preparation
of appropriate materials.”**”" Visible-light-driven RAFT polymer-
ization under mild reaction conditions in the absence of exogenous
radical initiators is advantageous to prepare polymers with high
end-group fidelity and prevent the formation of initiator-derived
byproducts, when compared to conventional thermally initiated
polymerizations.

For successful SUMI (i.e., to limit multiple additions of
monomers), dissociation of the initial CTA should be preferred
compared to that of the monoadduct via the increase in C-S
bond dissociation energy along with the insertion of a mono-
mer with a less stable R group (Scheme 20a). If the monoadduct
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Scheme 20 (a) Mechanism and (b) requirements for SUMI, where kq (k_qg)

is the decomposition (recombination) rate constant of the initial CTA
under irradiation, kaqq is the addition rate constant of a monomer to the
R group radical of the initial CTA, k, is the propagation rate constant of the
second monomer to the R group radical of the SUMI monoadduct, ki, is
the chain transfer rate constant of the R group radical of the initial CTA to
the SUMI monoadduct, k_y, is the chain transfer rate constant of the R
group radical of the SUMI monoadduct to the initial CTA, and k4" (k_4') is
the decomposition (recombination) rate constant of the SUMI monoad-
duct under irradiation.
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decomposes, deactivation of the propagating radical instead of
propagation by either recombination or chain transfer to the
initial CTA is required (Scheme 20b). The use of non-homo-
polymerizable monomers, such as styrene, N-substituted mal-
eimide, VAc, limonene, and indene, with low &, is also helpful.
The blue shift of the UV absorption band of the monoadduct to
lower wavelengths as compared to that of the initial CTA
enabled selective and efficient activation of the initial CTA by
light.””> However, in cases where the selected monomers were
purposely inserted in desired sequences via success SUMI, PCs
such as PheoA,'® Ir(ppy)s;,®® and/or ZnTPp®®:209270:273:274 yere
necessary to achieve reasonably high reaction efficiencies
under mild reaction conditions. Using ZnTPPS, , a water-
soluble analogue of ZnTPP, Moad and coworkers observed
the significant enhancement of reaction kinetics in SUMI of
DMAm as a model monomer in water."*’

For example, in the first report of the synthesis of trimers by
Boyer, Moad, Hawker, Xu, and coworkers, the insertion of the first
monomer styrene into CDTPA under green light irradiation
(530 nm, 0.6 m cm %) was followed by the Ir(ppy)s;-catalyzed
PET-RAFT polymerization of the second monomer N-substituted
maleimide under blue light irradiation (460 nm, 0.8 mW cm™?)
(Scheme 21a).*° The combination of styrene and maleimides is
well-known for alternative copolymerization due to the formation
of donor-acceptor pairs. The last third monomer VAc or
limonene was inserted using ZnTPP under red light irradiation
(635 nm, 0.4 mW cm ) or Ir(ppy)s, respectively, because Ir(ppy)s
resulted in multiple addition of VAc. Further functionalization of
the trimers provided a new methacrylate monomer possessing
a precisely defined side chain of hexamer as a potential
building block for periodic polymers. Later, Boyer and coworkers

a) b)
S CN S CN S S
“No PC” ZnTPP
%SASX/YOH A on A A
o) CH,CN, RT o) DMSO, RT
530 nm (0.6 mW cm?) 635 nm (0.6 mW cm?) o™y o)
S
Ir(ppy)s PAR L - OH ZnTPP
§” 'S
DMSO, RT " 3 DMSO, RT O
460 nm (0.8 mW cm?) (¢} 635 nm (0.6 mW cm?)
N, 07N N,
ZnTPP Ir(ppy)s ZnTPP
DMSO, RT DMSO, RT DMSO, RT
635 nm (0.4 mW cm?) 460 nm (0.8 mW cm2) 635 nm (0.6 mW cm2)
N2 NZ N2

Scheme 21 Synthetic scheme for a discrete (a) trimer®®
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conducted sequential SUMI of up to five monomers in the gram
scale while addressing scalability problems by the use of flow
reactors for reaction and automated flash chromatography for
purification.?”®> ZnTPP in DMSO imparted oxygen tolerance and
non-homopolymerizable electron-donating indene and electron-
accepting N-substituted maleimide derivatives were alternatively
polymerized (Scheme 21b).

Meanwhile, discrete oligomeric CTAs have aided the investi-
gation of the stereochemical effect on photoactivation, copolymer-
ization kinetics of a certain monomer in the RAFT process, and
the influence of precisely designed sequences on polymeric
properties. Into the pool of pairs of electron-donating (e.g,
indenes and (B-methyl)styrene derivatives) and electron-accepting
monomers (e.g., N-substituted maleimides), various functional-
ities can be introduced as their substituents. Initially, SUMI of
various a,B-disubstituted vinyl monomers led to the synthesis of a
stereospecific discrete oligomeric CTA.>***”° Insertions of the
examined cyclic N-substituted maleimides in trans-configurations
were preferred owing to steric hindrances and restricted rotations
of cyclic monomers, as combinedly evidenced by structural ana-
lysis by single-crystal X-ray diffraction and QC calculations.>*®

Xu and coworkers reported that for the successful SUMI of
B-methylstyrene derivatives, careful selection of the CTA was
required.””> When B-methylstyrene derivatives were inserted
next to maleimide into TTCs with different R groups using
ZnTPP, the dimer was formed in 50% yield despite the com-
plete conversion of the starting monoadduct of maleimide due
to the degradation of the desired dimer after a certain reaction
time. The proposed degradation mechanism was based on the
B-methylstyrenenic carbon radical, which when fragmented
abstracts hydrogen from an excess of B-methylstyrene deriva-
tives and can no longer participate in the RAFT process
(i.e., chain transfer or recombination). Therefore, the authors
postulated that to prevent the degradation of the product, (i)
chain transfer of the fragmented B-methylstyrenenic carbon
radical should occur faster than the hydrogen abstraction and
(ii) the starting monoadduct should possess a better leaving
R group than B-methylstyrenes. As expected, quantitative for-
mation of the dimer was achieved when the first monomer was
changed from maleimide to acrylonitrile (AN).

Xiao, Lai, and coworkers synthesized trimers consisting of
two N-substituted maleimides and 5,6-benzo-2-mehtylene-1,3-
dioxepane (BMDO) in between from n-butyl benzyl TTC
(BBTC).>”* BMDO is a cyclic ketene acetal monomer whose
radical ROP affords a polymer with a degradable ester bond in
the backbone. Contrary to the successful insertion of N-sub-
stituted maleimide into BBTC using ZnTPP in DMSO under red
light irradiation (620 nm), the use of thermal initiator lauroyl
peroxide in toluene was required for the insertion of BMDO due
to hydrolysis of BMDO in hygroscopic DMSO and poor solubility
of ZnTPP in toluene (Scheme 22a). Two model trimers, BBTC-N-
phenyl maleimide (PMI)-BMDO-N-methyl maleimide (MMI) and
BBTC-PMI-BMDO-PMI, were degradable under basic conditions
and cytocompatible with the human normal cell line (HUVEC) at
up to 600 pmol L™ " concentration (Scheme 22b), but only BBTC-
PMI-BMDO-MMI was cytotoxic to the human cancer cell line

This journal is © The Royal Society of Chemistry 2023
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Scheme 22 (a) Synthetic scheme for the trimers BBTC-PMI-BMDO-MM]|

and BBTC-PMI-BMDO-PMI. Cell viability of the two trimers against (b)
human normal cell line (HUVEC) and (c) human cancer cell line (MCF-7)
after 24 hours of incubation. Adapted with permission from (b) and (c) ref.
274 (Copyright 2021 American Chemical Society).

(MCF-7) (Scheme 22c) implying the potential of sequence-defined
oligomers for biological applications.

4.3.2. Architecture control

4.3.2.1. Design of the CTA. Designing an appropriate initiator
is one of the simplest ways to obtain polymers with complex
architectures (Scheme 23). For example, star or multi-arm poly-
mers have been synthesized from multi-arm CTAs.>*>?7%>7°
Multi-arm TTCs were prepared from thiols, carbon disulfide,
and scaffold molecules with multiple bromines which under-
went substitution reactions, whereas multi-arm xanthates were
prepared using xanthogenate instead of thiol and carbon dis-
ulfide. Multi-arm polymers have been examined for various
applications. Chapman, Boyer, and coworkers prepared a series
of star polymers from two, three, or four-arm CTAs to investigate
the relationship between the structures and binding affinities of
polymers to protein.”®®> Gormley, Chapman, and coworkers
employed simple and oxygen-tolerant HTP polymerization to
build a library of multivalent polymers possessing a strained
alkyne at each arm end, which may be useful for conjugating
biomolecules via strain-promoted azide-alkyne cycloaddition
(SPAAC).*’® Boyer, Corrigan, Zhang, and coworkers controlled
the mechanical properties of 3D printed objects in a broad range
by optimizing the compositions (i.e., the ratio and concentra-
tions of multi-arm CTAs possessing different number of arms) of
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3D printable resins.?’® Finally, Chapman and coworkers ana-
lyzed the effects of the type of monomers (hydrophobic, hydro-
philic, and charged) and their order of arrangements on the sizes
and assemblies of multiblock star polymers in solution.”””

It is noted that the core of star polymers can be linked to
either the R or Z group of the CTA (Scheme 23). In the Z-group
approach, the polymers grow from the fragmented R group
liberated from the core, whereas in the R-group approach, the
polymers grow from the core. For controlled polymerization,
the Z-group approach is suitable to attach short arms at low
grafting density because steric hindrance limits reattachment
and chain transfer of propagating chains to the core Z group.
The R-group approach suffers from biomolecular radical
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termination between either two star polymers (star-star cou-
pling) or a star polymer and an exogenous macroradical rather
than from the steric hindrance. Star-star coupling results in
higher molecular weight byproducts, and reattachment of the
exogenous macroradical instead of the Z group leads to the loss
of CTA functionality and livingness, preventing further polymer-
ization from dead chains to broaden the dispersity. Therefore,
the synthesis of well-defined star polymers with (ultra)high
molecular weights or multiple blocks with preserved end-group
fidelity has particularly been challenging. Photocontrolled RAFT
polymerization in the absence of exogenous initiating radicals
thus emerged as a successful solution to the abovementioned
problem as observed for photoiniferter polymerization by Qiao
and coworkers®”® and PET-RAFT polymerization by Chapman
and coworkers (Fig. 13).>”

4.3.2.2. Design of the monomer. Other unique advantages of
photocontrolled RAFT polymerization include spatiotemporal
control, selectivity (which needs to be satisfied for the productive
activation of the RAFT process), and orthogonality (to other
polymerization methods). Carefully designed reaction condi-
tions or systems along with properly functionalized monomers
have enabled the preparation of complex polymeric architectures
such as graft, comb-like, bottlebrush, and (hyper)branched
polymers. For example, so-called “inimer” contains initiating
moieties for two polymerizations, which can be activated selec-
tively and in series (Scheme 24). Initially, as a mono“mer” for
RAFT polymerization, the vinyl moiety comprises a polymer
backbone while the other initiating moiety remains unreacted
in the side chain. By changing the reaction conditions (e.g.,
irradiation wavelength) or adding different types of monomers,
the remaining “ini”tiator is then activated for another polymer-
ization to transform the linear polymer into polymers with
grafting chains or other high complexities.

Boyer, Xu, and coworkers synthesized graft copolymers via
two selectively activated PET-RAFT polymerizations (Scheme 8
and 24a)."°° The reaction mixture contained two pairs of PC
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Fig. 13 Synthesis of multiblock star polymers by thermal and ZnhTPP-catalyzed PET-RAFT polymerization. MWDs after each chain extension are shown
below. Adapted with permission from ref. 277 (Copyright 2022 American Chemical Society).
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and CTA. The methacrylic polymer backbone was synthesized
by the PheoA-catalyzed PET-RAFT polymerization of MMA and
another methacrylate embedded with a TTC (BTPEMA) from
CPADB under red light irradiation (690 nm, 2 mW cm™>). Then,
MA was added to the reaction mixture for the ZnTPP-catalyzed
PET-RAFT polymerization from the TTCs under green light
irradiation (530 nm, 0.6 mW cm ) to graft acrylic chains along
the backbone. Herein, selective activation was possible as (i) the
irradiation wavelengths were carefully set to avoid overlap in the
absorption profiles of the two PCs PheoA and ZnTPP, and (ii) the
pair of PheoA-CPADB and ZnTPP-TTC exhibited specific PC-CTA
interaction. Selective excitation of one PC led to concomitant
selective activation of one CTA within the reaction mixture.
Switching the irradiation wavelength enabled sequential two-step
polymerization in one-pot. However, it is noted that the second
monomer MA should be added after the polymerization of MMA
from CPADB because otherwise the insertion of MA into CPADB
would block further propagation due to the change in C-S bond
dissociation energy. Boyer, Hawker, Moad, and coworkers coupled
PET-RAFT polymerization with photoiniferter polymerization

—
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(Fig. 14a).*®° At first, the methacrylic backbone of MMA and
BTPEMA was prepared from CDTPA via green light-mediated
photoiniferter polymerization (520 nm, 4.4 W m %) at 60 °C.
Model polymerization of MMA confirmed that after the addition
of MMA into CDTPA or BTPA, fragmentation of the RAFT inter-
mediate was only favored for CDTPA owing to higher C-S bond
dissociation energy. Subsequently, the unreacted BTPA moieties
in the side chains were polymerized with DMAm. In this step,
despite the increase in reaction temperature and/or irradiation at
shorter wavelengths (i.e., with higher energy), the rate of poly-
merization was not sufficiently high. Thus, PET-RAFT polymeriza-
tion using ZnTPP was conducted instead. This one-pot approach
could be operated even in one-pass using a flow reactor. In a one-
pass reaction system, the solution of DMAm and ZnTPP for the
second reaction was easily added before the reaction mixture
flows to the second batch, and irradiation of each batch was
separately turned on and off. Moreover, by simply varying the
injection volume, concentration, flow rate, and/or irradiation
time, the synthesis of diverse graft and branched copolymers
possessing backbones and/or side chains with different lengths
and backbones with different numbers of grafted chains was
achieved. Matyjaszewski and coworkers utilized two sequential
photoiniferter polymerizations for the synthesis of comb-like and
bottlebrush polymers."'® The polymerization of the methacrylic
backbone from CDTPA under green light irradiation (520 nm,
4.25 mW cm %) was followed by the polymerization of MA or
DMAm from pendant BTPA of polymerized BTPEMA under blue
light irradiation (465 nm, 6.5 mW ¢cm ™). Depending on the MMA/
BTPEMA ratio in the first polymerization, the grafting density of
acrylic side chains in the resulting polymer was facilely controlled
so that the homopolymer of “inimer” was transformed into a
bottlebrush polymer.

b)

path i) % PC2 path ii) % PC2
TFPMA TFPMA + BTP

P(HFBMA-co-BTP) Brush P2 Necklace-like P3
M, =23.9 kDa M, =35.5 kDa M, =30.2 kDa
D=125 =123 D=1.16

® e

St
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Fig. 14 Diverse polymer architectures obtained by (a) switching each reactor on and off or manipulating the parameters (e.g., flow rate and injection
volume) in flow chemistry and (b) combination of different photomediated RDRP processes. Adapted with permission from (a) ref. 280 (Copyright 2021
American Chemical Society) and (b) ref. 211 (Copyright 2020 John Wiley & Sons, Inc.).
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The second polymerization from the initiating moiety of the
inimer after the first polymerization of vinyl moieties need not
be limited to visible-light-driven RAFT polymerization. The
orthogonality of visible-light-driven RAFT polymerization to
other polymerization methods and the accompanying ability
to interconvert two orthogonal processes for the facile synthesis
of multiblock copolymers possessing various (non)vinyl mono-
mers has been discussed in Section 4.3.1.2. Chen and coworkers
designed an inimer containing both vinyl and alkyl bromide
functionalities for photocontrolled divergent synthesis of poly-
mers with a wide variety of topologies (Scheme 24b).”™* The
reaction system comprised two PCs (EY and a phenothiazine
derivative), fluorinated-TTC, methacrylate monomers bearing
different numbers of fluorine atoms, and 2-bromo-trifluoropro-
pene (BTP) as an inimer (Fig. 14b). Owing to the different
excited-state redox potentials, reduction of bromine for O-ATRP
after the polymerization of BTP could only be achieved using the
phenothiazine-derived PC, whereas TTC could be reduced by
both PCs for PET-RAFT polymerization. Therefore, EY-catalyzed
PET-RAFT polymerization of the linear copolymer of BTP and
other monomers followed by phenothiazine derivative-catalyzed
O-ATRP afforded branched polymers in which bromine at any
location served as a branching point. Variation in the ratio of
BTP and other monomers in copolymerization, target DP, and/or
location of bromine led to various polymer topologies such as
linear, brush, necklace-like, branched, and mop-like.

4.3.3. Stereochemistry control. Control over stereochemistry
during polymerization or tacticity of polymers is known to
critically affect the thermomechanical properties of polymeric
materials. However, stereocontrolled polymerization of vinyl
monomers has been challenged by the generation of a planar
sp>-hybridized propagating radical with no facial preference for
the addition of monomer.*®" Selective addition of the monomer
to one face can be achieved in the presence of auxiliary additives
that confine the propagating radical. Boyer and coworkers added
rare earth triflate Y(OTf); into the stereocontrolled Ir(ppy)s-
catalyzed PET-RAFT polymerization of DMAm in a methanol/
toluene mixture under blue light irradiation (460 nm,
0.7 mW cm %).”®* Coordination of the Lewis acid Y(OTf); to
the amide functionalities of the monomer during polymerization
allowed good control over the tacticity of polymers (Scheme 25).
Although the weaker yet possible coordination of Y(OTf); to
TTCs slightly increased the dispersity, control over the molecular
weight or livingness was not influenced so that a stereoblock or
stereogradient copolymer of atactic and isotactic blocks could be
prepared. The authors modulated the tacticity of polymers by
using DMSO which tightly complexes with Y(OTf); to weaken the
complexation between Y(OTf); and DMAm and thereby offers
stereochemistry control. Nevertheless, the reaction system could

Ny =N

N
v N~~‘.lY3+
H /S0 H =0 * =0
% ' H
Scheme 25 Coordination of Y(OTf)s to the amide functionality to
increase the isotacticity of poly(DMAm).282
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not be expanded to another PC (i.e., Ru(bpy);Cl,) presumably
due to unfavorable interaction between the bipyridine ligand
and Y(OTf);. Substitution of Ir(ppy); for Ru(bpy);Cl, resulted in
no or poorly controlled polymerization. On the other hand, for
photoiniferter polymerization in the absence of a PC, Zhu, Boyer,
and coworkers employed the fluoroalcohol 1,1,1,3,3,3-hexafluoro-
2-propanol (HFIP) to control the stereochemistry of poly(VAc).**?
Interaction of fluoroalcohol with vinyl monomers introduced
steric hindrance and improved stereospecificity during propaga-
tion. These interactions enhanced at low temperatures, so syndio-
tacticity of the polymer was controlled by temperature and the
choice of solvent. The highest syndiotacticity diad (62%) for
polymerization in HFIP as a solvent at —20 °C was decreased to
59 and 56% along with an increase in the polymerization tem-
perature to 0 and 25 °C, respectively, whereas the change of
solvent to isopropyl alcohol or bulk polymerization led to 52 or
53%. The dependencies of stereospecificity on the polymerization
temperature and solvent were consistent with those reported by
Kwark and coworkers for the preparation of syndiotactic-rich
poly(VAc) using fluoroalcohols.*®* Herein, the polymerization
was initiated by photoinitiator BAPO.

4.3.4. Dispersity control. Apart from the main challenge
and aim of RDRP to synthesize nearly monodisperse polymers,
the usefulness to tailor the dispersity and shape (e.g., breadth,
skewness, and kurtosis) of MWD has been revealed to be
important for controlling the physical, thermal, and rheological
properties of polymers.>*?**>?%¢ gynthetic strategies reported
thus far include physical blending of polymers with a range of
dispersities, temporally regulated initiation to prepare polymers
with different lengths, and tailoring catalyst concentration.**”

Boyer and coworkers introduced flow chemistry in combi-
nation with the use of ZnTPP as a PC.”**7?° In PET-RAFT
polymerization of acrylamides in a continuous flow reactor,
polymers of different molecular weights were generated by
simply adjusting the flow rates, concentration of the CTA, and
intensity or wavelength of the light source (blue, green, or
red).”®® Blending of the prepared polymers resulted in the target
MWD as per the calculated theoretical curves (Fig. 15a)*%® or the
mathematically modelled fitting which is the so called compu-
ter-guided approach.”*° The polymer retained high end-group
fidelity so that polymerization from the blended poly(DMAm) led
to successful copolymerization with NAM or benzyl acrylate (BzA)
and yielded a block copolymer with tailored compositional
gradients (Fig. 15b).>*° The second monomer was easily added
from a separated line (pump) in the flow setup. However, to fully
utilize the aforementioned simplicity and robustness of the flow
chemistry technique for dispersity control, fluid dynamics or
profiles and parameters such as tube diameter, volume, flow
rate, and reactant volume have to be carefully investigated and
optimized.>°

In the case of PET-RAFT polymerization in batch, Anastasaki
and coworkers mixed two CTAs at varying ratio,**" as previously
applied for AIBN-initiated conventional RAFT polymerization by
the same research group.”>®> In EY-catalyzed PET-RAFT polymer-
ization in DMSO under blue light irradiation (465 nm, 12 W),
two CTAs possessing different transfer constants or reactivities

This journal is © The Royal Society of Chemistry 2023
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(a) MWDs for monomodal poly(DMAm)s (1-4) and their blended mixture. (b) Narrowing the initially broad MWD through chain extensions. (c) The

variation in dispersity as two CTAs were mixed in different ratios (aligned by the peak molecular weight value). Poly(MMA) prepared from 10 mol% CTA1
and 90 mol% CTA2 was successfully extended with MMA. Adapted with permission from (a) ref. 288 (Copyright 2017 American Chemical Society), (b) ref.
289 (Copyright 2018 American Chemical Society), and (c) ref. 292 (Copyright 2020 The Royal Society of Chemistry).

(dictated by R and mostly Z group) were mixed at varying ratios
to obtain polymers with any intermediate targeted value of
dispersity (Fig. 15c). One CTA with the higher transfer constant
afforded polymers with low dispersity (as the lower limit),
whereas another CTA with the lower transfer constant afforded
polymers with high dispersity (as the higher limit). Apart from the
discrepancy in reactivities, two CTAs should separately provide
monomodal MWD, high end-group fidelity, and agreement
between theoretical and experimental molecular weights for poly-
merization of a given monomer. The method was effective for
MMA, MA, and DMAm in which dispersity was tunable across a
wide range (1.08-1.82). Konkolewicz and coworkers expanded the
abovementioned method to poly(vinyl ketone)s.>*® Herein, after
the generation of initiating radicals through Norrish chemistry of
vinyl ketone monomers under blue light irradiation (450 nm,
7.9 mW cm™?), either homopolymers of phenyl or methyl vinyl
ketone or copolymers of ethyl acrylate were synthesized from the
mixture of TTC (higher activity) and xanthate (lower activity).
Dispersity was increased with the ratio of xanthate and was able
to be modulated further owing to the photodegradable nature of
vinyl ketone under UV light irradiation.

Anastasaki and coworkers also utilized their strategy of mixing
CTAs to prepare two homopolymers each possessing a wide range
of dispersities and blended them to provide polymers with
unrivalled precise control of both dispersity and MWD shape.?**
Moreover, the strategy was still valid for a single CTA with
switchable reactivity, rather than the mixture of two CTAs.**
Herein, the reactivity of the CTA (methyl 2-{methyl(4-pyridinyl)-
carbamothioylthio]propionate) was in situ switched back and
forth by the addition of acid and base to the reaction mixture.
It was still only reported for VA-044 initiated thermal RAFT
polymerization; nevertheless, it is notable that on-demand
control over dispersity of the sequence-defined multiblock
copolymer of acrylamides was accomplished by simply

This journal is © The Royal Society of Chemistry 2023

adjusting acidic and basic conditions along with the subse-
quent monomer addition.

4.3.5. Ultrahigh-molecular-weight (UHMW) polymer synth-
esis. Synthesis of UHMW polymers, with molecular weights
over 10° g mol™", requires fast and efficient generation of
propagating radicals and monomers with a high propagation
rate, while minimizing the probability of side reactions (i.e.,
chain transfer and termination).’*® As neither PET-RAFT nor
photoiniferter polymerization uses external initiators, the reac-
tion becomes free of the initiator-derived radicals and side
reactions therefrom. Acrylamide monomers possessing high
kp in high polarity solvents (mostly water) coupled with effi-
ciently photolyzable CTAs (mostly xanthate) thus has been
extensively employed for UHMW polymer synthesis. Radical
influx should be kept high enough for fast and efficient
propagation but should be (re)generated in a controlled man-
ner, which could be achieved under visible light irradiation
exclusively by the use of a highly efficient PC in the case of PET-
RAFT polymerization.

Supramolecular perylene diimide/cucurbit{7]uril complex/
TEOA under green light irradiation (535 nm, 5 W) induced
aqueous polymerization of DMAm from TTC with molecular
weight up to 1.04 x 10° g mol " and a dispersity of 1.33 after
8 hours.>®” This photoinitiating system was so efficient that
only 1 ppm was required, but the role of TEOA was claimed to
be rather complex, including initiation of RAFT polymerization
after its single-electron oxidation by excited-state perylene
diimide. Photoenzymatic RAFT polymerization enabled the
synthesis of UHMW polymers of unconjugated NVP, N-vinylca-
prolactam with rather narrow dispersity (P = ~1.39)'®* and
of monomers with low &, (e.g., OEGMA)'® under violet light
irradiation (405 nm, 11.5 W). These exceptional reactivities
were attributed to the generation of stable radicals in low
concentration by GOx/glucose as the PC, and the high reducing
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power of excited-state FADH ™ to efficiently conduct the poly-
merization process.

On the other hand, Chen and coworkers reported a mecha-
nically distinct strategy for the synthesis of UHMW fluoropolymers
from TTCs (up to 3.05 x 10° g mol™ ' and P < 1.12 after 2-8 hours)
using Ir(ppy); in DMSO under white light irradiation (33 mW cm™?)
(Fig. 16a)."*° Fluoropolymers from a polymer chemistry per-
spective have been appreciated due to their functionally diverse
properties,*®® but here strong and selective fluorine—fluorine
interaction also played a key role in excellent regulation over
propagation (Fig. 16b). As depicted, at first, the CTA with a
lipophilic DMAm block as the R group (denoted as R2) and an
alkyl chain as the Z group (denoted as R1) stabilized the
resulting emulsion with a fluorophilic interior where fluoromo-
nomers were located. As some portions of the CTA (propagating
group, PG) participated in polymerization, fluorine—fluorine
interaction between the grown polymers and the monomers
resulted in phase separation. The remaining intact CTA (sup-
porting group, SG) residing in the outer solvent phase had no
access to the monomer but to RAFT equilibrium, providing the
polymerization of fluoromonomers from PG with the additional
control and livingness. Replacing Ir(ppy)s with a PC possessing a
fluoro-substituent significantly reduced monomer conversion,
evidencing that single-electron transfer between the excited-state
PC and CTA and subsequent polymerization occurred in the
outer solvent phase. This distinctive spatial confinement strategy
for the preparation of well-defined UHMW fluoropolymers was
compatible with fluorinated (meth)acrylates and methacryla-
mides as well.

4.3.6. Photoinitiated polymerization-induced self-assembly
(photo-PISA). Visible-light-driven RAFT polymerization has been
applied to polymerization-induced self-assembly (PISA) to con-
struct nano-sized assemblies with various morphologies including

View Article Online
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worms, vesicles, and micelles. These assemblies are used for
nanocomposite fabrication or the encapsulation of hydrophobic
drugs or proteins in vesicles. As the solvophobic block is extended
from a macro-CTA with a solvophilic block, the resulting morphol-
ogies depend on the target DP or length of the solvophobic block,
composition of the copolymer, and solid content. Compared to
the case of the conventional thermally initiated RAFT polymeriza-
tion, visible-light-driven RAFT polymerization has offered better
control over particle size and expanded the available morpholo-
gies. In addition to the absence of exogenous radicals, the ability
to maintain the reaction temperature throughout the entire
process (from polymerization to phase separation-induced mor-
phological transition) reduced the influence of high temperature
on both the polymerization kinetics and morphology and allowed
deriving an isothermal phase diagram. As not all thermal initia-
tors require severe heating (typically above 70 °C), O’Reilly and
coworkers could examine the influence of the initiation method
on end-group fidelities of polymers and the resulting morpholo-
gical transitions. In the case of photo-PISA under violet light
irradiation (405 nm, 800 mW) based on the photoiniferter pro-
cess, further irradiation of the synthesized polymer assemblies
(post-synthetic irradiation) removed the end group of polymers
and transformed their morphologies.>® In contrast, via an iden-
tical process under lower irradiation power (160 mW) either in the
presence or absence of VAZO-44 which decomposes at 37 °C,
stable aggregates were formed irrespective of the initiation mecha-
nism. Type I and II photoinitiators that produce free radicals
under irradiation via homolytic cleavage or hydrogen abstraction
have also been widely employed; however, in this section, we
focus on the use of PCs. For the current status and future
directions of RAFT-mediated PISA initiated by various means
including visible light, please refer to the very recent review article
reported by Thang, Fan, and coworkers.**
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(a) Synthetic scheme of UHMW fluoropolymers and (b) mechanistic concept for CTA differentiation for regulation over propagation. Adapted
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Boyer and coworkers reported the first photo-PISA that was
mediated by Ru(bpy);Cl, under blue light irradiation (460 nm,
0.7 mW cm ™ 2)."*> Up to 100 ppm of Ru(bpy);Cl, was loaded for
the dispersion polymerization of solvophobic benzyl methacry-
late (BzMA) from the solvophilic poly(OEGMA)-based macro-
CTA. The dispersity of the polymer was maintained at lower
than 1.3 despite the presence of unreacted or dead chains with
lower molecular weight than the theoretical values and increase
in the viscosity of the solution. ZnTPP was the very first PC for
oxygen-tolerant photo-PISA and under red or yellow light irra-
diation at longer wavelength (635 and 560 nm, respectively).***
Oxygen tolerance was achieved by the combination of ZnTPP as
a singlet oxygen generator and ascorbic acid®*** or 9,10-dimethyl-
anthracene*® as a singlet oxygen quencher, so as to conduct the
reaction in an open vessel at ultralow volumes (40 pL scale)
without prior deoxygenation. However, only in the presence of
9,10-dimethylanthracene, perfect temporal control of polymer-
ization was observed. Furthermore, ascorbic acid in larger
amount seemed to affect self-assembly behavior. Very recently,
Boyer and coworkers for the first time reported oxygen-tolerant
photo-PISA under NIR irradiation (730 nm, 12 mW cm™?) using
ZnPCS,” in combination with TEOA.'”

Meanwhile, ZnTPP could still generate singlet oxygen after
its encapsulation in the hydrophobic core of the vesicle via
dialysis of the reaction mixture into water, implying the
potential use of the resulting vesicle as a photodynamic ther-
apeutic agent.’°’ It was insolubility of ZnTPP in water that
enabled the encapsulation. Similarly, doxorubicin, a hydropho-
bic antitumor drug, was encapsulated in spherical polymeric
NPs.**? Herein, doxorubicin was added into the reaction mixture
from the beginning of the polymerization. While the polymeriza-
tion process did not significantly affect the bioactivity of doxor-
ubicin, the polymerization kinetics were improved, implying the
potential photocatalytic capability of doxorubicin for photome-
diated polymerization.

ZnTMPyP, as a water-soluble analogue of ZnTPP, allowed
aqueous dispersion polymerization,"*” and simplified photo-
PISA by eliminating the preparation of solvophilic macro-CTAs
which undergo chain extension with solvophobic mono-
mers.>’?! Instead, hydrophilic OEGMA and hydrophobic
core-forming diacetone acrylamide (DAAm) were put together
for gradient copolymerization based on preferential incorpora-
tion of OEGMA over DAAm owing to different reactivities of
methacrylates and acrylamides for polymerization.**" If both
solvophilic and solvophobic blocks are prepared from the same
monomer families, slow injection of solvophobic monomers
into the reaction mixture gradually changed the ratio of the
solvophobic- to solvophilic block length within a polymer
chain, which led to PISA.>°° Lastly, Chen and coworkers con-
trolled the size of raspberry-like NPs with a poly(pentafluoros-
tyrene) core by light intensity.>*® At around 330 ppm of Ir(ppy)s
and the same target DP, strong irradiation (33 W cm ?) as
compared to weak light irradiation (0.56 W cm™?) activated
more CTAs to decrease the polymer molecular weight at the
same monomer conversion, and then to reduce the size of NPs.
The effect of intensity and wavelength of light irradiated on
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polymerization control (e.g., molecular weight and end group
fidelity) and thus the morphologies of synthesized NPs has
been reported for several cases.’*!*%

Organic PCs such as PTH,*** EY,*>'7%3% Rose Bengal,**®
and Rhodamine 6G*°” have also been employed but mostly in
combination of tertiary amines to achieve oxygen-tolerant
reaction systems and enhance the reaction rate. Oxygen toler-
ance in photo-PISA particularly allows one to conduct the
reaction in a continuous flow reactor with simple optimization
of reaction parameters.'**3%°:308

4.3.7. Bioapplications. For the successful preparation of
hybrid biomaterials composed of natural biomolecules (e.g.,
DNA, cells, and proteins) and synthetic polymers, deoxygena-
tion processes (e.g., freeze-pump-thaw method and N, purging
process) and harsh reaction conditions that would affect the
integrity of biomolecules should be avoided. In this regard,
PET-RAFT polymerization has been widely applied for bioap-
plications because it is rapid, oxygen-tolerant and can be
conducted in biologically relevant media under mild reaction
conditions without heating.°°*°

Soh, Hawker and coworkers reported in situ grafting-to
conjugation of poly(acrylamide)s onto several biomolecules
(t-phenylalanine, 5-[(2-aminoethyl)Jamino]-naphthalene-1-sulfonic
acid sodium salt (EDANS), and bovine serum albumin (BSA)) via
Ru(bpy);Cly/sodium ascorbate-catalyzed PET-RAFT polymeriza-
tion under blue light irradiation (470 nm, 80 mW cm™?).">° The
copolymerization of NAM and N-acryoylsulfosuccinimide (NASS)
with the target DP of 40 reached 95% conversion after 15 minutes
even without prior deoxygenation. This short reaction time mini-
mized the hydrolysis of succinimides and allowed in situ prepara-
tion of bioconjugates via the addition of biomolecules to the
polymerization mixture.

To functionalize the surface of live cells, more rapid kinetics
under milder reaction conditions are required to reduce the
potential harm to the cells. Soh, Hawker and coworkers
employed EY/TEA-catalyzed PET-RAFT polymerization under
blue light irradiation (465 nm, 5.0 mW cm™?) for grafting-from
functionalization of live yeast and mammalian cells.®” After
10 minutes of Ar purging and 5 minutes of irradiation, the cell
surface was successfully functionalized with polyacrylamides
bearing poly(ethylene glycol) (PEG) side chains while maintain-
ing both high control over polymerization and high cell viability.
Copolymerization with azido- or biotin-incorporated monomers
allowed post-polymerization functionalization of the cells via
copper-free SPAAC or streptavidin conjugation chemistry, respec-
tively, which is promising to manipulate the cell surface and
regulate cell-cell interactions. Although this early demonstration
required Ar purging and the use of blue light, the recently
reported examples with novel modified PCs have improved the
reaction system toward a wide range of irradiation wavelengths.
Qiao, Tang, Fu, and coworkers synthesized SA-TCPP for TEOA-
cocatalyzed PET-RAFT polymerization of OEGMA (M, =
480 g mol ') in the presence of mouse fibroblast cells (NIH
3T3) in a 96-well plate.”*® After 45 minutes of red light irradia-
tion, the monomer conversion and cell viability were 11 and
46%, respectively. Subsequently, a ZnTPP-derived 2D nanosheet
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reported by Cai, Li, and coworkers was employed for the
ascorbic acid-cocatalyzed PET-RAFT polymerization of OEGA
(M, = 480 g mol ) in the presence of human embryonic kidney
293 cells."*® The monomer conversion was 60.8-73.2% resulting
in polymers with a rather broad dispersity (1.21-1.32) without
negatively impacting the cell viability after two hours of irradiation
under red light (635 nm, 3.6 mW cm™?). Although the reaction
conditions have to be further optimized, these preliminary studies
suggested that PET-RAFT polymerization is suitable for cytocompa-
tible in vivo polymerization in cellular applications.
Barner-Kowollik, Ng, Weil, and coworkers synthesized DNA-
polymer conjugates from CTA-terminated single-stranded DNA
(ssDNA) (Fig. 17a).>'' EY with the aid of ascorbic acid as a
singlet oxygen quencher under blue light irradiation (470 nm,
4.0 mW cm™?) was employed to avoid problematic deoxygena-
tion at ultralow reaction volumes (20 pL). However, good
control over dispersity could only be achieved after the
freeze-pump-thaw process despite the use of ascorbic acid.
The synthesized ssDNA-polymer conjugates could be hybri-
dized with complementary ssDNA, and the size of the hybri-
dized structure was increased with the size of the conjugated
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Fig. 17 (a) Schematic representation of ssDNA-CTA conjugates for
synthesis of ssDNA-polymer conjugates.®** (b) Pharmacokinetics and (c)
enzymatic activities of BSA and various BSA—polymer conjugates. Adapted
with permission from (b) ref. 70 (Copyright 2020 John Wiley & Sons, Inc.)
and (c) ref. 176 (Copyright 2022 John Wiley & Sons, Inc.).
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polymer. Lipid-polymer conjugates, prepared from CTA-termi-
nated lipid using EY under blue light irradiation (465 nm,
5.0 mW cm2), could self-assemble and were used to mediate
assemblies of gold NPs.*'?

Lastly, proteins are also of great interest. Once a polymer is
conjugated to a protein, the properties of the protein would be
influenced as in the case of a protein attached to PEG, being
widely used in the clinic worldwide.*'**'* PEG enhances the
pharmacokinetic/dynamic properties while reducing the immu-
nogenicity of therapeutic proteins.>'® Therefore, owing to the
large diversity of polymers and the increasing desire to utilize
proteins for the degradation of plastics,*'® for capture of heavy
metal ions,*’?'® and as catalysts in organic chemical
synthesis,*'® researchers are attracted to develop novel protein-
polymer conjugates (PPCs). To reduce the potential harm to the
structural integrity of proteins and preserve their enzymatic
activities after polymerization, PET-RAFT polymerization that
operates under mild reaction conditions and offers oxygen toler-
ance has been particularly recognized as a promising method.

Averick and coworkers studied the effects of the hydropho-
bicity and molecular weight of grafted acrylamide polymers on
the enzymatic activities of two lipases (Candida antarctica lipase
B and Thermomyces lanuginosus lipase)."*' EY/TEMED-catalyzed
PET-RAFT polymerization from the grafted TTC in DMF was
performed. Hydrophobic polyacrylamides led to a molecular
weight-dependent increase in the activities and stability of
lipases, so that the resulting hydrophobic hybrids could be
immobilized on a glass slide while retaining the enzymatic
activities. Whittaker and coworkers utilized EY with a tertiary
amine to attach hydrophilic and low-fouling fluoropolymers to
BSA as a model protein for in vivo quantitative tracking of
polymer-conjugated therapeutics by '’F magnetic resonance
imaging (MRI) and extending the pharmacokinetics (e.g., blood
circulation time) (Fig. 17b).”° Another hydrophilic sulfoxide-
containing polymer improved the pharmacokinetics of lyso-
zymes by reducing macrophage cellular uptake.**° Although the
listed applications of PPCs still have been mainly limited to
therapeutics, many researchers focused on how to use PET-RAFT
polymerization as a more efficient platform for preparation of
PPCs, which would allow extension of the diversity of protein-
based functional materials in the near future. For example,
macromolecular and heterogeneous PCs for their facile purifica-
tion after the reaction,>*”**'**> or PCs operating under irradiation
at longer wavelength (i.e., with lower energy) were developed.

Ever since Boyer and coworkers employed Ru(bpy);Cl, under
blue light irradiation for PET-RAFT polymerization from BSA
macroinitiator which was chemically modified to possess TTC
moieties,'** Ru(bpy);Cl,,>** EY and its derivatives,®s”%!41,247,249,:320,321
ZnTPP derivative,**” and a novel purely organic PC'”® have been
discovered and utilized. Although EY is biocompatible and has
facilitated the use of green LEDs as an irradiation source,
tertiary amines®®”%'41247320 and/or ascorbic acid**”**' need
to be added to achieve oxygen tolerance. Photodegradation of
EY is another issue."*"**”*** Averick and coworkers observed
photodegradation of EY in the presence of TEMED as an
amine cocatalyst in DMF after up to 60 min of irradiation at

This journal is © The Royal Society of Chemistry 2023
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460 nm."*' Sumerlin and coworkers observed photobleaching
of EY under irradiation at 458 nm (0.6 mW ¢cm~?) and 515 nm
(0.5 mW cm %), which was attributed to one of the possible side
reactions caused by ascorbic acid at high concentration.>*”
Due to the lack of singlet oxygen quenchers under aqueous
conditions, the ZnTPP derivative where zinc porphyrin was
integrated into a MOF (MOF-525-Zn) required purging with
Ar, in contrast to the excellent oxygen tolerance of ZnTPP
observed in the presence DMSO which acted as both a solvent
and a singlet oxygen quencher.*”* Although these water-
insoluble and heterogeneous PCs can be easily purified after the
reaction and even reused, a water-soluble PC that enables oxygen-
tolerant polymerization without additives is also beneficial; never-
theless, it has been limited to Ru(bpy);Cl,. In this regard, Kwon
and coworkers in collaboration with Gierschner and Koo devel-
oped a highly efficient water-soluble purely organic PC 3DP-
MSDP-IPN."7® Efficient generation of triplet excited states,
substantially negative E?, (—1.56 V vs. Ag/AgCl), and highly stable
radical cation of the PC synergetically afforded oxygen tolerance
(or even acceleration of polymerization kinetics by oxygen present
at limited concentration; for a detailed explanation, please see
Section 3.4). Thus, polymerization was conducted using the BSA
macroinitiator in ambient and aqueous environments without
additives under green light irradiation (515 nm, 10 mW cm™?). A
variety of acrylamide/acrylate monomers, including hydrophilic
and ionic (cationic, anionic, and zwitterionic) monomers, were
polymerized from the protein macroinitiator to affect the enzy-
matic activities to varying degrees as compared to native BSA
(Fig. 17c). However, the authors observed that the molecular
weights of the polymers cleaved from the protein were smaller
than the corresponding theoretical values and presumed that via
reactions between the excited-state PC and disulfide bonds of
BSA, thiyl radicals might be generated and became additional
reaction sites for the propagating radical intermediates. Although
the formation of thiyl radicals has not yet been detected, the
selectivity issue for the PC, by PET, to selectively activate the CTA
over other reactive groups within proteins (e.g., TTCs over dis-
ulfide bonds) needs to be further investigated to design better
photocatalytic systems for future bioapplications. Development of
novel PCs and expansion of the available water-soluble and/or
biocompatible PCs, rather than Ru(bpy)s;Cl, and EY, would sti-
mulate related research and allow the synthesis of polymers
comprising various monomers rather than acrylamide monomers
which are extensively preferred because of their more rapid
polymerization kinetics than those of other monomer families.
Meanwhile, without grafting and conjugation, polymers can
also affect biomolecules. In polymer-protein hybrids, certain
polymers could be hybridized with certain proteins, thereby
helping to maintain the protein activities in non-native envir-
onments such as organic solvents®!®?**32¢ and thermal dena-
turing conditions.”®® Synthetic antimicrobial polymers that
mimic the peptides with antimicrobial activities were discov-
ered by investigating the structure-activity relationships of a
large library of polymers composed of different categories of
monomers (e.g., hydrophobic, hydrophilic, and cationic) with
varying compositions****?” and compositional drifts along the
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polymer backbone,*** or by incorporating additional functional
monomers into the polymers.**® Wong, Boyer and coworkers
synthesized a novel monomer (acrylated ZnTPP) that not only
self-catalyzed the oxygen-tolerant PET-RAFT polymerization of
monomers, but also enhanced the production of reactive oxygen
species to promote antimicrobial activities.**®
coworkers synthesized enzyme-responsive and pro-apoptotic
peptide-modified vinyl monomers to prepare cytotoxic peptide
brush polymers, which disrupted the mitochondrial membrane
and triggered the death of cancer cells.®® Later, copolymerization
of these peptide-functionalized monomers with hydrophobic
acrylamide monomers, and subsequent PISA resulted in synth-
esis of peptide brush polymer NPs, proposing their applications
for peptide delivery systems.**® Regardless of the applications,
the discovery of high-performing synthetic polymers has been
boosted by PET-RAFT polymerization (mostly catalyzed by ZnTPP
in DMSO due to its excellent oxygen tolerance), specifically in
combination with HTP synthesis (please see Section 4.4.4) and
very recently with machine learning approaches and automated
polymer chemistry,?®°23°733 which has enabled the facile pre-
paration of a large number of polymers at a time.

Gianneschi and

4.4. Advanced techniques

4.4.1. Surface functionalization. Surface-initiated polymer-
ization from the initiator-functionalized surface allows modu-
lation of physical and chemical properties of material surfaces
by the type of monomers and properties of tethered polymers
(e.g., composition and molecular weights). Various RDRPs have
been employed for surface-initiated polymerization, but were
challenged by their oxygen sensitivity.*** Simple reaction con-
ditions, scalability of the process, and oxygen tolerance are also
beneficial for large-scale functionalization of surfaces. In addition,
light-driven polymerization affords spatiotemporal control, where
the thickness of the polymer film is controlled by irradiation time
and patterning of polymer brushes is provided by spatially con-
trolled irradiation using a photomask. Therefore, PET-RAFT poly-
merization that offers polymerization control over a wide range of
monomers under mild and ambient reaction conditions (i.e., in
the presence of oxygen) is expected to be a promising method.

Surface-initiated PET-RAFT (SI-PET-RAFT) polymerization
was firstly demonstrated by Pester, Boyer and coworkers
(Fig. 18a).*** Given the well-known oxygen tolerance of
ZnTPP-catalyzed PET-RAFT polymerization in DMSO, the poly-
merization from a CTA-functionalized silicon oxide surface was
successfully performed without prior deoxygenation. The poly-
merization mixture deposited on the surface was covered with a
glass coverslip and irradiated at 405 or 590 nm (1.1 pm cm™ ).
As expected, PET-RAFT polymerization provided polymer
brushes with uniform thickness and high end-group fidelity,
allowing the synthesis of diblock copolymers by chain exten-
sion of the prepared polymer brushes. Fabrication of a pat-
terned surface via spatially controlled polymerization using a
photomask was also demonstrated.

Since then, ZnTPP in combination with DMSO as a solvent
has been widely utilized for oxygen-tolerant SI-PET-RAFT poly-

merization under violet,*® green,>***** or yellow light
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Fig. 18 Schematic representation of (a) spatially controlled SI-PET-RAFT
polymerization using a photomask, (b) stepwise polymerization for fabri-
cation of a multilayer architecture, and (c) spatially controlled SI-PET-RAFT
polymerization of fluorescent monomers using a digital micromirror
device (DMD). Adapted with permission from (a) ref. 334 (Copyright 2019
American Chemical Society), and (b) and (c) ref. 335 (Copyright 2021 John
Wiley & Sons, Inc.).

irradiation.>®® A water-soluble ZnTPPS,” under green light
irradiation®*® or EY in the presence of TEOA under blue'****
or green light irradiation’*®**! expanded the polymerization
media to aqueous systems. The lack of oxygen tolerance in the
absence of TEOA required prior degassing®** or enzymatic
degassing strategy using GOx and glucose.”” Using these
various PCs, SI-PET-RAFT polymerization has been employed for
fabrication of antifouling surfaces for biomedical and industrial
applications,'?%1403367338310 holyearbonate surface with tuned
hydrophilicity, 2353417344
and functional polymeric materials.

Antifouling surfaces were prepared from hydrophilic, zwit-
terionic (e.g., carboxybetaine methacrylamide (CBMAm)"****°), and
low-fouling monomers (e.g:, sulfoxide-**® or fluorine monomers®*’)
to inhibit adsorption of biomolecules such as bacteria, proteins,
and cells. Besides its role as a PC, ZnTPP that remained after the
polymerization was effective as an antifouling agent through
photodynamic inactivation of bacteria owing to its ability to gen-
erate singlet oxygen under irradiation.**” The presence of residual

163

3% organic-inorganic hybrid materials,

335
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ZnTPP was ascribed to covalent incorporation of ZnTPP into the
polymer chain by radical-mediated polymerization of the reduced
porphyrin macrocycle. This photodynamic activity of the residual
ZnTPP, on the other hand, likely caused a significant cytotoxicity to
mouse macrophage-like (RAW 264.7) cells, implying the need for
the use of organic PCs in biomedical applications.**®

Organic-inorganic hybrid materials were provided via
grafting-from synthesis of polymers from mesoporous silica
NPs,**> mesoporous silica films,*** gold-coated silicon wafers,"*°
indium tin oxide (ITO)/gold-coated electrodes,**' NaYF,:Tm/Yb
UCNPs,*** and CdSe QDs.**> On the ITO/gold-coated electrode
surface, the CTA possessing an electrochemically active carba-
zole moiety was immobilized by an electrodeposition method.**"
NaYF,:Tm/Yb UCNPs*** and CdSe QDs*** acted as both sub-
strates and PCs for SI-PET-RAFT polymerization, where the
synthesized polymers were tethered to the surfaces of nanocom-
posites via ligand exchange between the initial ligands of nano-
composites and TCT groups of the polymers. Encapsulation of
gold NPs by the poly(dimethylaminoethyl acrylate (DMAEA))-
tethered surface®®’ and subsequent immobilization of anti-
bodies onto the prepared polymer brushes'*® implied that SI-
PET-RAFT polymerization would become a promising strategy
for the development of organic-inorganic hybrid biosensors.

Very recently, Hudson, Pester, and coworkers employed
ZnTPP-catalyzed SI-PET-RAFT polymerization under violet irra-
diation (405 or 415 nm) for fabrication of multilayer thin films
for organic electrodes.*® Using various acrylic monomers
comprised of thermally activated delayed fluorescence (TADF)
emitters, stepwise polymerization from CTA-functionalized ITO
provided multilayer architectures of hole-transport layer (HTL),
emissive layer (EML), and electron-transport layer (ETL),
mimicking the structure of multilayer organic light-emitting
diodes (OLEDs) (Fig. 18b). Moreover, combined with the recently
emerged digital projection lithography technique using arrayed
digital micromirror devices (DMDs), a spatial control over
complex polymer architectures at high resolution was imparted
(Fig. 18¢)

A bare surface without prior functionalization with a CTA
was also utilized for the preparation of a polyvinyl alcohol
(PVA)-based hydrogel. The PVA-based hydrogel was immersed in
the reaction mixture of PC (i.e., Ru(bpy);Cl,,**>**® fluorescein,**’”
EY,**® and aluminum phthalocyanine chloride**®), CTA, mono-
mers, and TEA. It was proposed that alkoxyl radicals generated
from PVA by a one-electron oxidized PC or by irradiation partici-
pated in PET-RAFT polymerization. Zwitterionic monomers such
as CBMA were polymerized to provide antifouling properties to
PVA-based materials for biomedical applications.***>*° Thermo-
responsive poly(NIPAm) brushes provided surface properties
which were adjustable by temperature.**’

4.4.2. 3D/4D printing - living additive manufacturing. 3D
printing is an additive manufacturing technology which enables
the fabrication of objects with complex structures using a layer-
by-layer approach from digitally sliced computer-aided designs.
Since the development of the first 3D printing process by Charles
Hull in the early 1980s,*>*°" this technique has had scientific,
technological, and economic impacts**>*** by shifting from a
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rapid prototyping technology to an advanced material
manufacturing platform for diverse applications ranging from
biomaterials®** and soft robotics,®>*® to construction.>*® More
specifically, vat photopolymerization-based 3D printing techniques,
including DLP**”*3® and stereolithography (SLA),*>' where light is
used to activate polymerization and cure a liquid resin to form solid
materials, have been widely applied.>> Most of the photopoly-
merization-based 3D printing techniques employ uncontrolled
polymerization methods, ie., photoinduced conventional free
radical or cationic polymerization, to cure the polymers and form
the object due to their fast polymerization rates and simplicity.**
However, the polymers prepared during these photoinduced
conventional free radical or cationic polymerizations cannot be
reactivated, limiting the opportunity for the functionalization of 3D
printed objects. To overcome these limitations, in recent years,
PET-RAFT polymerization has been implemented in additive
manufacturing to 3D print functional objects.**' To achieve a
reasonable polymerization rate and oxygen tolerance, polymeri-
zation via RQP was first implemented using xanthene dyes, such as
erythrosin and EY, in the presence of a tertiary amine. For example,
Boyer and coworkers reported an ultrafast DLP 3D printing system
using EB and TEOA as the PC and cocatalyst, respectively, under
green light irradiation (525 nm, 0.32 mW cm™?)."** In contrast to
conventional free radical polymerization, the network growth
was controlled by the RAFT equilibrium, i.e., the degenerative
chain transfer between active and dormant chains.'® Careful
optimization of the stoichiometry of reagents in the resin
formulation (EB, TEOA, DMAm and PEG diacrylate (PEGDA)
(M, = 250 g mol™")) resulted in a build speed of 1.2 cm h™"
allowing 3D printing of complex objects. A 4D printed object
capable of swelling- and desolvation-induced actuation by
differentiation of mechanical properties of two layers based
on the control of light dose and curing time was also fabricated
(Fig. 19a). The same research group then investigated the effect of
various CTAs (TTCs, dithioesters, xanthates, and DTCs) under
otherwise identical reaction conditions (Fig. 19b).*** Interestingly,
the structure of the CTA, such as Z and R groups, significantly
affected the kinetics of network formation. This result is in
alignment with the well-established design rules in conventional
RAFT polymerization.®*¢**** In parallel, Jin, Bagheri, and
coworkers in collaboration with the research group of Boyer

a)

2mm

- 9.4 mJ/layer

Angled top view

Fig. 19

B 108.0 mJnayer

Side view

(a) Synthesis of a 4D printed object capable of swelling- and desolvation-induced actuation owing to difference in mechanical properties of two
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utilized EY and TEA under blue (483 nm, 4.16 mW cm™>) or
green light irradiation (532 nm, 0.48 mW cm™2)."** However, the
fastest build speeds were 0.08 and 0.14 cm h™' under blue or
green light irradiation, respectively, which were lower than that
achieved by EB.' This was attributed to more favorable
photophysical and electrochemical properties of EB over
EY.>***'* The build speed still reached 0.23 cm h™" after further
optimization of the formulation of resin utilizing EY and TEOA
under violet light irradiation (405 nm, 0.10 mW cm™2)."*°
ZnTPP then extended the operation wavelength to red
(635 nm, 0.5 mW cm™?) although 3D printing was performed
under a N, atmosphere to achieve a reasonable maximum build
speed of 0.1 em h™" due to the long inhibition period in the
presence of air.*®> Nevertheless, there is still a need to develop
new PCs capable of achieving faster polymerization, which
would enable 3D printing with a reasonable build speed.
To overcome the slow printing speed achieved by PET-RAFT
polymerization, Norrish type I photoinitiator diphenyl (2,4,6-
trimethylbenzoyl) phosphine oxide (TPO) replaced the PC,
which resulted in the fabrication of 3D printing objects at a
faster printing rate (up to 9 cm h™").**® The incorporation of
the CTA conferred additional properties to the 3D printed
objects, including capability for surface modification®*® and
self-healing property.®®” More recently, the incorporation of
macro-CTAs in the 3D printing resins enabled the preparation
of 3D printed materials containing defined nanostructures
via polymerization-induced microphase separation.***>’® This
technique would open opportunities for on-demand fabrication
of nanostructured polymer materials with tunable mechanical

properties and ion conductivity for energy storage
applications.?”*72
4.4.3. Flow chemistry. Flow chemistry has improved the

practicality and scalability of photomediated synthesis of advanced
functional materials including QDs, NPs, and dyes.>”* According to
the Beer-Lambert law, it is difficult to perform the light-driven
reactions on a large scale because the intensity of light significantly
decreases with increasing optical path length. In a continuous
flow reactor, the reaction mixtures flow inside a light-
permeable tubing which is irradiated.*”* High surface area-to-
volume ratio of the tubing ensures effective light penetration
and a concomitant increase in the photon flux and reaction

20 ym
1980 ym

layers by the spatially resolved light doses. (b) Original stl file image and 3D printed theater complex. Adapted with permission from (a) ref. 142 (Copyright
2019 John Wiley & Sons, Inc.) and (b) ref. 362 (Copyright 2021 American Chemical Society).
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efficiency. Therefore, flow chemistry is expected to expand the
versatility of photomediated polymerization.*”>>7%

Among visible-light-driven RAFT polymerizations, PET-RAFT
polymerization was the first to be performed in a continuous
flow reactor, owing to its superior oxygen tolerance.'*® In
contrast, there were a few reports employing flow chemistry
techniques to (UV light-induced) photoiniferter®*”°**" and
photomediated cationic RAFT polymerizations, owing to their
sensitivity to oxygen.*®> Oxygen tolerance is not a prerequisite
for flow chemistry techniques; nevertheless, the high surface-
area-to-volume of tubing reactors may facilitate the diffusion of
oxygen into the reaction mixtures, causing a negative impact on
oxygen-sensitive reactions.>®* In this regard, the more rapid
polymerization kinetics of PET-RAFT polymerization compared
to other polymerizations is also beneficial for operationally
reasonable reaction conditions.**°

Flow chemistry has been applied to rapid syntheses of
homopolymers®* or multiblock copolymers,"***** photo-
PISA™*3% and gram-scale synthesis of discrete pentamers via
sequential SUML>"® Theoretically, the synthesis of polymers
within minutes could enable their large-scale production (e.g.,
multi-gram within a day). In addition to enhanced polymeriza-
tion kinetics, the molecular weights and monomer composi-
tions can be controlled by simply adjusting the compositions of
the reaction mixtures, flow rates (i.e., residence time), and
irradiation times. In the case of block copolymer synthesis,
different monomers can be sequentially added in order at
defined times through separate channels (Fig. 20). Furthermore,
in a one-pass reaction system, each batch can be irradiated at a
different wavelength and separately turned on and off, such that
multiple polymerization reactions are sequentially and selec-
tively activated during the reaction in one pass. This approach
was then employed to the synthesis of diverse polymers with
complex architectures.”® At last, dispersity control was achieved
via temporally regulated initiation and/or adjustment of the
reaction parameters (e.g., flow rate and wavelength and intensity
of irradiation).>8%2°

Nevertheless, to fully realize the potential of flow chemistry
for expanding the current lab-scale polymerization system into
the industrial scale, the influences of fluid dynamics and reactor
parameters (such as tubing diameter and operation method) on
polymerization control must be thoroughly investigated.>****°
For example, in the synthesis of high-molecular-weight poly-
mers, the polymer properties were inconsistent because the

Reactor 1 Reactor 2

PFA microreactor
0.75mm ID, 3 mL

PFA microreactor

0.75mm ID, 1 mL
Monomer 1, water

RAFT Agent, Eosin Y, TEtOHA m
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Fig. 21 Combinatorial approach for the discovery of antimicrobial polymers
prepared by high-throughput PET-RAFT polymerization. Adapted with per-
mission from ref. 386 (Copyright 2018 John Wiley & Sons, Inc.).

polymers caused reactor fouling and affected the fluidic profiles
of the reaction mixture due to low Reynolds number.>** Homo-
geneity of the reaction mixture within flow could be improved by
applying a plug packed of low-cost and easily accessible silicon
oxide beads.*®

4.4.4. High-throughput (HTP) synthesis. HTP synthesis
allows facile preparation of a large library of polymers in small
volumes, which enables the identification of structure-property
relationship. By distributing a stock solution of the reaction
mixture into each well, and placing the well plate under a LED,
polymerization is performed in each well at the pL scale
(at most 200 pL in the case of a 96-well plate). As deoxygenation
is difficult at the pL scale, PET-RAFT polymerization with
intrinsic oxygen tolerance has exclusively been utilized for HTP
synthesis,*®* although in some cases, oxygen-tolerant visible-
light-driven RAFT polymerization in the absence of a PC was
utilized, where Zn, g4Fe, 360, and the tertiary amine,'>>*8%3%¢
added instead of the PC, facilitated photomediated deoxygena-
tion and/or photolysis of the excited-state CTA. Polymerization at
a low volume scale is also considered to be beneficial for
potential bioapplications where it is difficult to prepare reaction
substrates (e.g., proteins and DNA) in large quantities.’”® More-
over, new polymers with desired biological activities can be
efficiently discovered via a combinatorial approach (Fig. 21).%%

Among PCs, ZnTPP dissolved in DMSO demonstrating
extreme oxygen tolerance without additives was extensively
employed. ZnTPP-catalyzed HTP polymerization has enabled
the simple and efficient construction of a library of polymers
without prior deoxygenation.>®*>2¢%?76:3873% g preparation

Monomer 2, water
EosinY, TEtOHA

Amax = 530nm

Fig. 20 Schematic representation and photographs of a continuous flow reactor for the block copolymer synthesis. The reactor system is composed of
two separated syringe pumps for two tubing reactors, a micromixer tee, and a back-pressure regulator (BPR). Adapted with permission from ref. 136

(Copyright 2019 American Chemical Society).
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and investigation of a large combinatorial library of polymers,
researchers efficiently optimized polymerization conditions®®>%°
and screened structure-activity relationships of polymers synthe-
sized for antimicrobial applications,'*>?%%*%* polymer-protein
binding interactions,**>**® conjugation of biomolecules,*”® pre-
paration of a glycopolymer library,**® and design of single-chain
polymer NPs.*®® Other than ZnTPP, EY was also employed for
photo-PISA in a 96-well plate, but ascorbic acid was necessary to
achieve oxygen tolerance."”°

Apart from its outstanding oxygen tolerance in DMSO,
ZnTPP also showed promise in characterization of polymeriza-
tion at low volumes.*®” Boyer and coworkers noticed that
fluorescence emission bands of ZnTPP changed owing to
incorporation of ZnTPP into the polymer chain during poly-
merization. The linear relationship between fluorescence emis-
sion and monomer conversion allowed online monitoring of
polymerization within a few minutes using plate readers, which
was consistent with the results provided by NMR analysis.
Herein, polymerization and direct characterization were con-
ducted at below 40 pL scale in a 382-well plate. This ultralow
volume is typically difficult to sample for NMR analysis that is
carried out to determine monomer conversion in polymerization
in batch. Therefore, the merge of HTP synthesis in well-plates
and simple online monitoring of polymerization, combined with
machine learning approaches and automated polymer
chemistry,?66330331391 i expected to accelerate the discovery of
novel functional polymers.***?%

5. Photoiniferter polymerization

In the absence of additives and/or PCs, simplicity and efficiency
of the reaction system would be further increased. Moreover, the
negative impacts of remaining additives on polymer properties
will no longer become a concern. Nevertheless, since the first
application of DTCs by Otsu and coworkers,® the operating
wavelength has been limited to the UV region. Because UV light
can lead to undesired decomposition of the CTA and loss of
controllability of polymerization, CTAs that can be cleaved by
milder visible light have been extensively explored, and the
relevant applications have recently emerged. Accordingly, the very
recent review article reported by Hartlieb covered the concept,
history, and various applications of photoiniferter polymerization
irrespective of the irradiation wavelength.”® In this section, parti-
cular emphasis is placed on the examples harnessing visible light
rather than UV light.

5.1. CTAs for polymerization

Theoretically, visible-light-induced photocleavage of the C-S
bond is possible for xanthates or TTCs and DTBs owing to
their n — =n* electronic transitions. The n — n* electronic
transition of TTCs and DTBs occurs under blue and green light
irradiation, respectively (Fig. 22).*°* The red-shift effect for
DTBs is due to a resonance in the Z group. In contrast, both
n — n* and © — n* electronic transitions of xanthates®”> and
DTCs occur under UV light irradiation because of electron-rich

This journal is © The Royal Society of Chemistry 2023
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Fig. 22 UV/Vis absorption spectra of DDMAT (green), CPADB (red), and
EXEP (blue) in DMSO at 0.2 and 2.0 mM concentration to present 1 — m*
and n — w* electronic transitions, respectively.

oxygen and nitrogen in the Z group, respectively. Although n —
n* electronic transitions at longer wavelengths are beneficial
due to lower energies, their spin-forbidden nature and conse-
quently small molar extinction coefficient make it challenging
to achieve visible-light-driven photoiniferter polymerization at a
reasonable polymerization rate. Therefore, the recently reported
photoiniferter polymerization from TTCs still mostly harnesses
UV light to target 1 — m* electronic transition-derived homolysis
of the C-S bond regardless of the type of monomers
(methacrylates,®*® acrylates,***”® acrylamides,*****%” and other
monomers****%7). The use of a continuous flow reactor and/or
high reaction temperature helped to improve the practicality and
polymerization kinetics. Johnson and coworkers adapted a flow
reactor for UV light irradiation (352 nm)-induced polymerization
of acrylates and acrylamides.’” Junker, Abetz, and coworkers
increased the reaction temperature to 120 °C for polymerization
of isoprene and styrene in a flow reactor.>®*® On the other hand,
in this section, we focus on the visible-light-driven photoiniferter
polymerization using TTCs, DTBs, xanthates, and others.
Scheme 26 depicts the monomers employed thus far.

5.1.1. Trithiocarbonates. In 2015, Boyer and coworkers
reported the first visible-light-driven photoiniferter polymeriza-
tion of methacrylates in the presence of a CTA and monomer
without the addition of a PC.>> Among CDTPA, DDMAT, BTPA
(TTCs) and CPADB (a DTB), only CDPTA under green light
irradiation (530 nm, 5 W) led to controlled polymerization of
MMA. The loss of polymerization control under blue light
irradiation (461 nm, 5 W) implied that the irradiation wave-
length should overlap with the absorption profile of the CTA;
however, too high energy would cause partial degradation of
the CTA. For other TTCs, the controllability of polymerization
was likely affected by the stability of the R group during the
fragmentation of the C-S bond. For example, in contrast to
CDTPA, BTPA possessing an R group with a secondary carbon
led to poorly controlled polymerization of MMA under blue light
irradiation because the propagating radical with tertiary carbon
was more stable, not favoring the RAFT process. The study of the
effect of the R group on blue light (460 nm, 1.5 mW cm™>)-
induced photolysis of the CTA by UV/Vis spectroscopy, by Qiao
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Scheme 26 Chemical structures and abbreviations of monomers

employed for visible-light-driven photoiniferter polymerization.

and coworkers, indicated that as the thiyl radical generated after
photolysis could be irreversibly degraded into carbon disulfide
and thiol, polymerization from a CTA with a more stable R group
that efficiently generated fragments with extended lifetimes was
more prone to lose its living character.>*® The efficient fragmen-
tation, on the other hand, decreased the induction period
implying that controlled polymerization of a given monomer
with a reasonable induction period would be achieved via careful
selection of the CTA and light source.

The monomer scope was
methacrylatesyl10,157,280,381,399,400 aCI’ylateS,
acrylamides,>?!10:157:404,407,409 AN 410 5 vinylpyridine (2-VP),*'"
styrene,’*** and fluoro(meth)acrylates*'> (Table 4). Compared
to UV light, the use of milder visible light (460 nm, 4.8 W)
prohibited the self-initiation of MA although the induction
period was increased by four times.** The authors ascribed the
increase in the induction period to the prolonged time of
addition of the first monomer to the CTA. Then, the same
authors reported that the induction period was rather related to
the R-group stability or inactivation of residual oxygen or trace
impurities  within the reaction mixture before the
polymerization.>*® TTCs with better fragmenting R groups demon-
strated significantly reduced induction periods for initiation,
whereas during propagation the R-group effect became less impor-
tant owing to the similar acrylate-inserted R groups of all TTCs.
Junker and coworkers also discovered that in the polymerization of
MMA under blue light irradiation (450 nm, 14.4 W), the adduct of
CTA with one, two, or three MMAs resulted in polymers with lower
dispersity.*®" However, to eliminate the need for the preparation of

expanded to
33,88,110,134,157,401-408
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SUMI adducts, the authors suggested to render the initiation
process effective by increasing photon flux in a continuous flow
reactor. To achieve fast reaction kinetics, the reaction temperature
was also increased to 90 °C, which was sufficiently low not to cause
the autoinitiation of MMA or degradation of TTC. As reported by
Cameron, Saito, and coworkers, temperature control is particularly
important at high irradiation powers.*” In the aqueous polymer-
ization of acrylamides such as DMAm under irradiation (402 or
451 nm, and 6, 26, 104, or 208 W), high irradiation powers
increased not only photon flux and photolysis, but also the reaction
temperature, which considerably reduced the polymerization time
from 12 hours to 11 minutes, while broadening the dispersity of
polymers. Dispersity was narrowed by controlling the temperature
to prevent hydrolytic degradation of the CTA and concomitant
formation of low molecular weight dead chains.

Very recently, Sumerlin and coworkers reported that irradiation
with visible light to target n — n* electronic transitions led to more
efficient and well-controlled polymerization than irradiation with
UV light to target 1 — m* electronic transitions, if the light intensity
was identical (0.6 mW cm ™ 2).%*” Due to the spin-forbidden nature,
n — m* electronic transitions show a much smaller molar extinc-
tion coefficient than 1 — 7* electronic transitions. Nevertheless,
the polymerization results and the radical-trapping experiment
using 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) confirmed that
n — w* electronic transitions led to the higher quantum yield of
photolysis of the C-S bond, higher radical concentration, and more
rapid polymerization. This result was consistent with xanthates.

5.1.2. Dithiobenzoates. In the first study of visible-light-
driven photoiniferter polymerization of MMA and MA by Boyer
and coworkers, CPADB was inactive for both monomers under
blue light irradiation (461 nm, 5 W) in contrast to CDTPA (a TTC)
(Table 5).>* This was ascribed to the maximum n — ©* absorption
of CPADB at 513 nm corresponding to green light rather than blue
light, although polymerization data under green light irradiation
were not shown here. The seminal report demonstrated that green
light irradiation (530 nm) was also inefficient for photoiniferter
polymerization of MMA in DMSO due to a poor quantum yield of
the photochemical relaxation of excited-state CPADB.**® In DES,
on the other hand, MMA was polymerized under green light
irradiation (525 nm, 1.2 mW cm ) even in a completely open
vial.">® The effect of DES needs to be investigated.

Meanwhile, Sumerlin and coworkers prepared a UHMW
polymer via alternative copolymerization of styrene and benzyl
maleimide or maleic anhydride under 450 nm irradiation.**?
2-(dimethylamino)ethyl methacrylate (DMAEMA) also under-
went polymerization under irradiation with a household lamp
(14 W, 2.4 mW cm?), but here the acceleration effect of the
amine incorporated in DMAEMA on the polymerization mecha-
nism needs to be considered. Electron transfer from the amine to
excited-state CPADB generated the CPADB anion and facilitated
the polymerization as in the case of amine-catalyzed polymeriza-
tion using TTCs’“'*»'*> and DTB.””> By the addition of TEA,
polymerization of MMA from CPDB even under green (520 nm,
5.9 mW cm %) or sunlight irradiation was realized.”” Recently,
Konkolewicz and coworkers reported that an electron-donating
substituent at the para position of the benzyl Z group of CPDB

This journal is © The Royal Society of Chemistry 2023
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Table 4 Chemical structures of TTCs employed for visible-light-driven photoiniferter polymerization
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Monomer
CTA (common name) Irradiation wavelength Methacrylates Acrylates Acrylamides Others
Violet (405 nm) PEGDA
s oN Blue (455-472 nm) BzMA n-Bu, t-Bu, BzA, CHA, St
AN oH DA, EA, EHA, HEA, MA,
S8 AHFiP
cotea O Green (520, 530 nm) n-BMA, BzMA,
BTPEMA, DMAEMA,
GMA, HEMA, MMA
|
s 0. _0 oN
M o TG0y MK DECA B
113 S n ?
n=1,23 (@)
S CN H Blue (460 nm)
/G:);S/U\SX/\H/N\/ Green (530 nm) GMA, HEMA, OEGMA
O
S CN
H 2
/@;g s NeZ  Blue (460 nm) OEGA
(0]
)S]\ N FATRIFE, FAHFiP
OH . b 1 K
S SX/\H/ White MAF-TBE
(0]
0 S CN
Ho)l\/\sJ\sMOH Blue (455 nm) DMAPS, HEA, OEGA
CETCPA o)
S \CN
HO_~g J\SX/\/OH Blue (455 nm) n-BA, MA
S\ CN
/(/:):SJ\SX Blue (460, 470 nm) MA AN
S
/(/:L1 S)L N Blue (472 nm) n-BA
S Violet (420 nm) 2-VP
/H‘s)l\s OH Blue (450-460 nm) n-BA, MA NAM St
11
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X g
o}
Ahs s >N Blue (450 nm) n-BA
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S Violet (402 nm) Am, DMAm
Ho%s*sx("“ Blue (450, 451 nm) MA Am
o o
S
O )l\ O
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e} o)
X
OH
/Q?S Sj\n/ Blue (460 nm) MA
O
DTPA
S
J’:);S)J\s/\© Blue (460, 480 nm) MA
White FATRIFE
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Table 4 (continued)
Monomer
CTA (common name) Irradiation wavelength Methacrylates Acrylates Acrylamides Others
X,
s H Green (520 nm) MA DMAm
A 2
O BTPEMA
S
/\SJ\SJ}(OH Blue (453 nm) DMAm
o}
“ pPerformed in a continuous flow reactor, at 90 °C.
Table 5 Chemical structures of DTBs employed for visible-light-driven photoiniferter polymerization
Monomer
CTA (common name) Irradiation wavelength Methacrylates Acrylates Acrylamides Others
S\ CN Blue (440 nm) MMA St and BzMIm, St and MAn
SMOH Green (510 nm) MMA
o Household lamp DMAEMA
CPADB
S\ CN Blue (460 nm)*
a
@)‘\SX Green (520 nm) MMA
CPDB
S XN
S Blue (440 nm) MMA
o

¢ Performed in the presence of TEA.

dramatically accelerated the polymerization of MMA under blue
light irradiation (440 nm, 11.6 mW cm™2) in the absence of an
amine additive.®” The monomer conversion (85%) was compar-
able to the conversion in polymerization using 1 ppm of Ir(ppy)s
(i.e., PET-RAFT polymerization). The polymerization rate (k5" =
0.2 h™") was much faster than that using CPDB (k3 = 0.017 h™*)
despite the slight deviation in molecular weight control (b = 1.28)
and end-group fidelity. The investigation of five CPDB derivatives
confirmed the similar molar extinction coefficient at irradiation
wavelength, but their Hammett Sigma parameters (,,) and Epeqs
were decreased by the presence of electron-donating substituents.
The linear relationship between logarithm of k3PP and o, or Ereq
and ¢, proposed that homolysis of the C-S bond (i) could be
enhanced by electronics, (ii) might involve the formation of partial
positive charge on the DTB group in the transition state, and thus
(iii) the polymerization was accelerated by the electron-donating
para methoxy substituent.

5.1.3. Xanthates. Photolysis of EXEP under blue light (460-
470 nm) or sunlight irradiation was reported by Zhu, Zhang,
and coworkers for the first time (Table 6)."%*%* Introduction of
carboxylic acid or triisopropylsilyl-protected alkyne into the R
group of EXEP did not interfere in the photoiniferter polymer-
ization of VAc in the bulk. By the way, substitution of the
ethyl Z-group of EXEP with a phenyl group (PXEP) led to a

3082 | Chem. Soc. Rev, 2023, 52, 3035-3097

blue-shifted n — n* electronic transition.**®

Under violet light
irradiation (390 nm), more-activated monomers such as n-butyl
and ¢-butyl acrylates (n- and ¢-BA) and NIPAm were polymerized
in the bulk within an hour, whereas the polymerization of VAc
took a far longer time. When fluorine was inserted in the para
position of the phenyl Z-group of PXEP (FPXEP), even homo-
polymerization of VAc and block copolymerization of MA as the
first block with VAc as the second block were realized under
violet light irradiation (390 nm, 0.72 W).*'* The compatibility of
FPXEP with both less- and more-activated monomers was
ascribed to the well-balanced addition and fragmentation during
the RAFT process, which was induced by the introduction of
fluorine. The molecular geometry optimized by DFT implied that
fluorine weakened the conjugation between benzene and the
C-S double bond and lowered the lowest unoccupied molecular
orbital (LUMO) of FPXEP to facilitate the addition of free
radicals. PXPE, where the R group of PXEP was further modified
to the 1-(phenyl-ethyl) group, was also suitable for more-acti-
vated monomers.*"® Similar to FPXEP, only after the polymeriza-
tion of more-activated monomers (i.e., MA, n-BA, or styrene)
under blue (465 nm, 1.8 mW cm ™ ?) or violet light irradia-
tion (391 nm, 0.6 mW cm™?), chain extension with VAc or
NVP was possible. Although the wavelength was extended to
visible light (blue or violet), still UV light showed the highest

This journal is © The Royal Society of Chemistry 2023
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Table 6 Chemical structures of xanthates employed for visible-light-driven photoiniferter polymerization

Monomer
CTA (common name) Irradiation wavelengths Methacrylates Acrylates Acrylamides Others
X
)
o S/j©( Violet (401 nm) DMAm
% ¥
S
o sJ\n/OH Blue (460-470 nm) VAc
(o}
X
O
o S)\ﬂ/ ~ Blue (460-470 nm) VAc
(¢]
EXEP
S Si(i-Pr);
Pz
/\o)l\s/ﬁro\/ Blue (460-470 nm) VAc
(e]
A
OJ\S/H{O\/ Violet (390 nm) n-BA, t-BA NIPAmM
pxep ©
Qi
OJ\SJ\H/O\/ Violet (390 nm) n-BA, MA NIPAmM VAc
FPxep O
s Violet (391 nm) §
©\ I Blue (465 nm) nBA
S Violet (391 nm) MA St
PXPE
s R Violet (391 nm) VAc
I Blue (465 nm) NVP
(O n
R=
O/KO
X
R= A .
o] Violet (391 nm) NVP, VAc

kgPP albeit with higher dispersity due to the generation of
dead chains.

5.1.4. Others. In 1982, Otsu and coworkers demonstrated
the living polymerization using DTCs as an iniferter under UV
light irradiation.*® In order to extend the absorption of DTCs
from UV to longer wavelength, Poly and coworkers conjugated
carbazole in the Z group. Therefore, photoiniferter polymeriza-
tion of n-BA was realized even under blue (472 nm, 96 mW cm %)
or green (525 nm, 26.5 mW c¢cm™?) light irradiation (Table 7).**"
An N-heterocyclic DTC-based CTA possessing tetraphenylethy-
lene (TPE) as the R group showed absorption at 400-500 nm.**®
Not only acrylates, MMA, and styrene were polymerized under
blue light irradiation (460 nm, 4.8 W), but also the polymeriza-
tion could be monitored in situ by naked eyes via aggregation-
induced emission of TPE. As the polymerization proceeded, the
viscosity of the solution increased, and photoluminescence
intensity quantitatively increased to reflect monomer conversion
during polymerization. When TPE was physically blended within
the reaction mixture, the PL intensity increased in an irregular
manner due to the indirect interaction between TPE and the
growing polymer network.

This journal is © The Royal Society of Chemistry 2023

5.2. Recent developments and applications

Visible-light-driven photoiniferter polymerization has recently
been employed in numerous applications; nevertheless, the
range of applications is still narrower than those reported for
PET-RAFT polymerization owing to the lack of oxygen tolerance
of the reaction system and the decreased polymerization rate
caused by the absence of a PC. For example, photomediated
expansion of the polymer network through incorporation of addi-
tional monomers was significantly efficient in the presence of PTH
in terms of reaction rate and controllability of polymerization.?®®
Moreover, direct photolysis of TTC under visible-light irradiation,
which was less efficient than EY/TEA-catalyzed PET-RAFT polymer-
ization, was impractical for 3D printing application where a suffi-
ciently fast photocuring (i.e., a high build speed) is required.** In
this section, the reported examples of applications that were
realized solely by visible-light-driven photoiniferter polymerization
are described. The other examples which were aided by PET-RAFT
polymerization are mentioned in the relevant subsections through-
out Sections 4.3 and 4.4. Herein, the applications driven by UV light
are basically excluded, whereas several noteworthy examples which
show implications for their expansion to visible-light-driven
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Table 7 Chemical structures of other CTAs employed for visible-light-driven photoiniferter polymerization

Monomer
CTA (common name) Irradiation wavelengths Methacrylates Acrylates Acrylamides Others
S Blue (472 nm)
O NJ\S%(O\ Green (525 nm)
0 n-BA DMAm
L
S
/ NJ\S/\© Blue (460 nm) MA
S
“agele
= | Blue (460 nm) MMA n-BA, MA, OEGA, isooctyl acrylate St

0

reaction systems are mentioned. For the applications under UV
light irradiation, please refer to the review article by Hartlieb.>®

5.2.1. Multiblock copolymer synthesis. Hartlieb and coworkers
successfully synthesized an acrylamide-based multiblock copolymer
with up to 20 blocks and relatively low dispersity (P = 1.29) from
a xanthate under UV light irradiation (365 nm, 2 W).*'” The
high livingness of the polymerization was ascribed to reduction
in the feeding rate of monomers. The authors postulated that
the slow monomer addition increased the number of reversible
deactivations per monomer addition owing to the low chain
transfer coefficient of acrylamide monomers for xanthate, and
suppressed irreversible termination; however, too slow feeding
rate would cause the degradation of the CTA and broad
dispersity. Therefore, to prepare polymers with narrow disper-
sity, a series of chain extensions rather than one polymerization
reaction was recommended. Although oxygen had to be
removed before each addition of monomers, and molecular
weights of the obtained polymers were consistently lower than
the theoretical values in every step, this work demonstrated the
promise of photoiniferter polymerization for the synthesis of
multiblock copolymers.

If different types of monomers have to be involved in each
block, the monomer that would become a better leaving group
needs to be polymerized first to favor fragmentation and chain
extension with the second monomer during addition-fragmen-
tation in the RAFT process. If the order is inverted, the second
monomer with a better leaving group, instead of the first block,
is likely to favor fragmentation and propagation, and will be
homo-polymerized in the presence of an exogenous radical
derived from external initiators. As a result, a mixture of
homopolymers rather than the desired uniform block copoly-
mers comprising two types of monomers is provided. Sumerlin
and coworkers surmised that this restriction regarding the
order of blocks in a copolymer would be resolved via photo-
iniferter polymerization.*'® Photoiniferter polymerization that
is mediated by (i) direct photolysis of the C-S bond, which does
not require an exogenous radical initiator, and (ii) reversible
termination rather than degenerative chain transfer is thus
expected not to restrict the sequence of blocks in copolymers

3084 | Chem. Soc. Rev.,, 2023, 52, 3035-3097

based on the difference in leaving group abilities. Initially,
DMAm was polymerized as the first block from TTC by conven-
tional RAFT polymerization or from xanthate by photoiniferter
polymerization. As expected, subsequent photoiniferter polymer-
ization of poly(DMAm)-xanthate under UV light irradiation
(365 nm, 5.0 mW cm™?) successfully extended poly(DMAm)-
xanthate with MMA, whereas thermally initiated polymerization
provided a mixture of homopolymers of DMAm and MMA.
Poly(DMAm)-TTC was also extended with MMA under blue light
irradiation, but the rate of photolysis was slower. Using xanthate
that was efficiently cleaved under UV light irradiation as a CTA,
not only DMAm but also MA and N-vinylcarbazole were used as
the first blocks and were extended by MMA.

Diblock copolymers of poly(acrylamide)s and polyethers
were synthesized by combined photoiniferter polymerization
under UV light irradiation (365 nm, 3.5 mW cm™?) and ¢-Bu-P,/
triethylborane-catalyzed ROP at room temperature.'**> As TTCs
remained intact under the reaction conditions of ROP, either
sequentially or simultaneously performed photoiniferter poly-
merization and ROP from the mono-hydroxyl-functionalized
TTC provided the diblock copolymers. o,m-Di-hydroxyl-functiona-
lized TTC provided the o,o-di-hydroxyl-functionalized polyacrylates
that could serve as building blocks for polyurethane (PU).*® After
the preparation of poly(n-BA) (M, gpc = 3100 g mol~ " and D = 1.03)
under blue light irradiation (455 nm, 5 mW em™?), thermoplastic
PU elastomer was synthesized from the mixture of 5 mol% poly(n-
BA) and 95 mol% poly(tetramethylene ether glycol) as a soft
segment, isophorone diisocyanate as a hard segment, and ethylene
glycol as a chain extender. The prepared elastomer surprisingly
overcame the strength-elongation and robustness-self-healing
ability trade-off relationships typically observed in elastomers. As
various monomers can be incorporated as a part of soft segments
to influence phase separation behavior and chain mobility within
the polymer network, the development of thermoplastic PU elasto-
mers with unprecedented properties was expected. In addition, via
copper-catalyzed azide-alkyne reaction, polymers prepared from
a-alkyne-functionalized TTC under blue light irradiation (460 nm,
4 mW cm?) could be linked to bioactive peptides possessing the
N-terminal azide functionality.’”® Thus, high end-group fidelity

This journal is © The Royal Society of Chemistry 2023
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under mild reaction conditions of visible-light-driven photoiniferter
polymerization was highlighted.

5.2.2. Single unit monomer insertion (SUMI). Photoiniferter
polymerization has only been applied in the first step (ie., the
preparation of monoadducts) of sequential SUMI, as discussed in
Section 4.3.1.2. For the synthesis of trimers and pentamers, a
styrene and indene were inserted into CDTPA via direct photolysis
under green light irradiation (530 nm, 0.6 mW em~*)* and blue
light irradiation (460 nm, 0.8 mW cm™?),** respectively. Postma,
Moad, and coworkers investigated the potential for sequential
SUMI by successive photoiniferter polymerizations.””> Using
DMAm as a monomer and CETCPA as a CTA under irradiation
with various light sources (402, 451, 512, and 633 nm), red light
(633 nm, 8 W m?) provided the most selective formation of the
monoadduct with almost no byproduct formation but at the
slowest reaction rate. Nevertheless, red light was not appropriate
for the second SUMI owing to significantly less overlap between
the emission of the LED and the absorption profile of the
resulting monoadduct as the absorption band for the n — =*
transition was changed from 442.9 to 427.0 nm. Instead, irradia-
tion at lower wavelengths (402, 451, and 512 nm with 20, 8, and
14 W m™?, respectively) with diminished yet sufficient overlap
led to the formation of not only the desired diadducts but also
byproducts via multiple insertions of monomers and photode-
composition of the TTC moiety.

In the absence of a PC, sequence-defined oligomers could be
prepared via an iterative method rather than sequential SUMI
(Fig. 23).*" Boyer and coworkers in collaboration with Moad
and Hawker confirmed the high end-group fidelity of the
monoadduct of MA and CDTPA and functionalized the TTC
moiety. Aminolysis of TTC into thiol was followed by a thiol-
ene reaction with a second monomer containing a hydroxy
group (2-hydroxyethyl acrylate (2-HEA)). Thereafter, the hydroxy
group underwent esterification with CDTPA to introduce a new

View Article Online
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CDTPA for another SUMI using DMAm as a third monomer.
Finally, aminolysis, thiol-ene reaction with a fourth monomer
(2-hydroxy butyl acrylate), and esterification with CDTPA were
repeated to insert BzA as the last monomer to provide a
sequence-defined pentamer. Although the monomer scope was
expanded to acrylates and acrylamides, pre-functionalization
of the carboxylic acid group of the starting CDTPA with a 3-
trimethylsiyl protecting group to block its esterification with the
lately introduced monomers with hydroxy groups and isolation
of each intermediate can be cumbersome in this strategy.
5.2.3. Ultrahigh-molecular-weight (UHMW) polymer synth-
esis. Successful synthesis of UHMW polymers requires fast
photolysis of the CTA, high radical concentration, and high
kp of monomers, while keeping the probability of termination
low. Thus, photoiniferter polymerization in the absence of an
initiator and initiator-derived radicals is advantageous. Owing
to the weaker C-S bond in xanthates compared to that in TTCs
and accordingly more efficient generation of initiating radicals
through photolysis, xanthates have been extensively employed
for synthesis of UHMW polymers.””®?9>*2® with regard to the
fast polymerization kinetics, acrylamides with high k&, were
selected as monomers. Sumerlin and coworkers synthesized
UHMW poly(DMAm)s in water under UV light irradiation.**>
Moreover, a highly viscous reaction mixture prevented termina-
tion reactions between propagating radicals. Both xanthate and
TTC underwent photolysis, but the reaction time was signifi-
cantly lowered for xanthate (30 minutes) as compared to TTC
(10 hours) because the n — w* transition of xanthate led to
more efficient photolytic cleavage compared to the n — n*
transition of TTC at 365 nm. To facilitate the n — n* transition
of TTC, Cameron, Saito, and coworkers used visible light
(402 or 451 nm, 6 W), but higher intensity (208 W) was required
to achieve a reasonably short reaction time (12 hours vs.
11 minutes).*”® However, higher intensity of irradiation also
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Fig. 23 Schematic representation of the synthesis of a sequence-defined pentamer via iterative SUMI, aminolysis, thiol-ene, and esterification
reactions. Adapted with permission from ref. 419 (Copyright 2017 The Royal Society of Chemistry).
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caused heating of the reaction mixture and subsequent hydro-
lysis of the CTA resulted in the loss of polymerization control.
Qiao and coworkers synthesized UHMW star polymers from
4- and 21-arm xanthates in DMSO.>”® UV light irradiation was
more efficient than violet light to reach 96% monomer conversion
after 6 and 102 hours, respectively, although UV light could lead to
unselective activation of the monomer and loss of polymerization
control. UHMW linear and branched block copolymers of acrylic
acid and various acrylamides for application as microgel viscosi-
fiers for water-based drilling fluids were synthesized in water
under UV light irradiation (350 nm, 7.2 mW cm™?).**°

Sumerlin and coworkers expanded the monomer scope to
monomers with relatively low k, such as (meth)acrylates and
styrene in DMSO."” In DMSO, monomer concentrations
should be higher than those in water to achieve sufficiently
high polymerization kinetics. In particular, synthesis of UHMW
poly(MMA) from TTC under UV light irradiation (365 nm,
7.0 mW cm™?) required the addition of tertiary amine PMDETA.
It was presumed that in the absence of PMDETA, the TTC
sulfanyl radical abstracted the hydrogen atom from the propa-
gating methacryloyl chain end, thereby affording a dead chain
via disproportionation. The lower k, of styrene needed to be
compensated by alternatively copolymerizing styrene with
maleic anhydride or maleimide via charge-transfer complex
formation. However, because of absorption and background
initiation from the charge-transfer complex in the UV region,
TTC was replaced with DTB to shift the irradiation wavelength
from 365 nm to 450 nm.

5.2.4. Photo-PISA. Boyer and coworkers, for the first time,
demonstrated the potential of photo-PISA in the absence of a PC
to encapsulate hydrophobic drug molecules into polymer
micelles.**" A poly(OEGMA)-based macro-CTA was initially synthe-
sized from CDTPA by thermally initiated RAFT polymerization.
Photoiniferter polymerization of BzMAs from the macro-CTA in
acetonitrile/ethanol cosolvent under blue (460 nm, 0.7 mW cm ™)
or green light irradiation (530 nm, 0.7 mw cm ) led to the
formation of worm-like micelles. When Nile Red, a model hydro-
phobic drug, was introduced into the reaction mixture, Nile Red
was in situ encapsulated in the worm-like micelles, suggesting the
potential application of photo-PISA for delivery of hydrophobic
drugs. Blue light degraded the end group of CTAs and broadened
the dispersity of polymers, but was appropriate for the polymer-
ization in the presence of Nile Red as the polymerization under
green light irradiation was significantly inhibited by the absorp-
tion of green light by Nile Red. This encapsulation methodology
via photo-PISA was successfully expanded to another hydrophobic
drug doxorubicin using a continuous flow reactor equipped
with a 460 nm LED strip.**> The continuous flow reactor not
only enabled the scalable synthesis of polymeric NPs, but also the
facile control of NP morphologies by simply adjusting the flow
rate and residence time to modulate the length of a solvophobic
block. Besides the drug encapsulation, spherical NPs prepared
from photo-PISA served as a template to synthesize 3D meso-
porous carbon materials.**®

5.2.5. Surface functionalization. Photoiniferter polymeriza-
tion from CDTPA grafted on UCNPs led to the grafting-from
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functionalization

Fig. 24 (a) 3D printed objects. (b) Welding two 3D printed balls by adding
fresh TMPTA on the interface and subsequent irradiation. (c) SEM images
of the 3D printed bridge before and after post-modification with fluor-
escein-conjugated TMPTA. The fluorescein-embedded layer was visua-
lized by fluorescence lifetime imaging microscopy (FLIM). Adapted with
permission from (a) ref. 403 (Copyright 2020 The Royal Society of
Chemistry), (b) ref. 161 (Copyright 2022 American Chemical Society), and
(c) ref. 424 (Copyright 2021 John Wiley & Sons, Inc.).

surface functionalization with polymers comprised of glycidyl
methacrylate (GMA), OEGMA, and hydroxyethyl methacrylate
(HEMA) under blue (460 nm, 0.7 mW cm ) or green light
irradiation (530 nm, 0.7 mW cm™?).*°° The absence of a PC was
advantageous because the remaining PC would interfere with
the optical or upconversion properties of the resulting particles.

5.2.6. 3D printing. Jin, Bagheri, and coworkers in colla-
boration with the research group of Boyer applied photoinifer-
ter polymerization of TTCs under violet light irradiation
(405 nm, 1.8 mW cm™?) to 3D printing (Fig. 24a).*>* The build
speed was limited by the slow and inefficient photolysis of TTC.
Nevertheless, reactivation of TTC units after 3D printing
allowed transformation of the 3D printed object. Soaking the
3D printed object in n-BA dissolved in DMSO followed by blue
light irradiation (460 nm, 0.7 mW c¢m?) facilitated insertion of
hydrophobic n-BA into outer layers of the object and modified
surface hydrophilicity. This report was the first to present
implementation of photoiniferter polymerization in 3D print-
ing, but 3D printing was performed under a N, atmosphere
with degassed reaction solutions.

Open-to-air 3D printing by the DLP technique under violet
light irradiation (405 nm, 2.0 mW c¢m™?) was performed using
EXEP.'®! DFT calculations and ESR spin-trapping experiments
confirmed that photolysis of EXEP under irradiation at 325-
480 nm was more efficient than that of structurally similar
TTC due to the lower bond dissociation energy of EXEP
(38.06 kcal mol™" vs. 41.5 kcal mol™'). Although oxidation-
induced loss of end-group fidelity of polymers was previously
observed for photoiniferter polymerization using EXEP under
blue light irradiation (460-470 nm),®* the end-group fidelity of
polymers within 3D printed objects seemed to be preserved
allowing post-functionalization with the freshly added PEGDA
and trimethyloylpropane triacrylate (TMPTA) or welding,

This journal is © The Royal Society of Chemistry 2023
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without an additional introduction of the photoinitiator or PC
(Fig. 24b). When this photoiniferter polymerization was com-
bined with cationic RAFT polymerization using diphenyliodo-
nium hexafluorophosphate onium salt, welding of 3D printed
objects was realized by either photoiniferter polymerization
under violet light irradiation (405 nm, 60 mW cm >) or
ZnCl,-mediated conventional cationic RAFT polymerization
without irradiation.*** Herein, polymerization (i.e., 3D print-
ing) was initiated by photolysis of two types of CTAs which were
expected to orthogonally proceed radical and cationic RAFT
polymerization, which would allow tailoring of the mechanical
properties of polymeric materials by adjusting the ratio of
radically and cationically polymerizable monomers.

DTC bearing conjugated carbazole in the Z group was also
applied to prepare 3D microstructures by the direct laser
writing technique in the presence of air.*”* Photoiniferter
polymerization of n-BA under blue light irradiation (480 nm)
followed by subsequent photoiniferter polymerization with
TMPTA under green light irradiation (532 nm) provided
mechanically stable 3D microstructures. Owing to the preserved
DTC units, fabrication of multilayered microstructures comprised
of multiple polymeric materials via repeated polymerization was
successfully realized. Post-modification by polymerization with
thermoresponsive NIPAm provided the printed object capable of
heating-induced shrinkage and cooling-induced swelling, whereas
polymerization with fluorescein-conjugated TMPTA allowed the
visualization of the modified layer by fluorescence lifetime ima-
ging microscopy (FLIM) (Fig. 24c).

6. Photomediated cationic RAFT
polymerization

6.1. PCs for polymerization

A strongly oxidizing pyrylium salt was first employed for the
photomediated cationic RAFT polymerization of vinyl ethers
under blue light irradiation (450 nm) (Scheme 27).** The
excited-state pyrylium salt oxidized the vinyl ether-derived
CTA to generate a carbocation intermediate and reversible
generation of the carbocations enabled the regulation of cationic
RAFT polymerization by light. iBVE and other vinyl ethers (ie.,
ethyl, 2-chloroethyl, n-propyl, and n-butyl-vinyl ethers) were poly-
merized from DTC and TTC, respectively. In contrast to PET-RAFT
polymerization, photomediated cationic RAFT polymerization
required CTAs possessing vinyl ether as the R group. However,
imperfect temporal control and monomer conversion in the
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absence of irradiation were observed in further studies, which
was ascribed to the decomposition of the PC. Moreover, the
experimental molecular weights of polymers were significantly
lower than the theoretical value when the authors targeted to
synthesize polymers with molecular weight above 20 kg mol ™.

Other oxidizing PCs including the Ru complex and acridinium
salt, however, were unsuccessful for the polymerization of
iBVE from DTCs.”° Thereafter, Kamigaito, Ohkubo, and coworkers
discovered that acridinium salts at doubled catalyst loadings to
that of the previous study® could catalyze the polymerization
from TTC at —40 °C despite imperfect temporal control,”* where
the polymerization rate was somehow affected by the type of
counter-anions of acridinium salts which possessed the same
structure and similar redox potentials. Although the polymeriza-
tion of the chloroethyl vinyl monomer from DTC was uncon-
trolled because the high E?, (2.06-2.25 V vs. SCE) oxidized the
chloroethyl substituent of the monomer or the amino substituent
of the CTA, acridinium salts extended the polymerization wave-
length from blue to white and green.

The imperfect temporal control (i.e., monomer conversion
in the dark), observed particularly at high monomer conversion,
that was noticed for both pyrylium and acridinium salts was
ascribed to low stability of the PC or high E?, . Instead, Ir
complexes with enhanced stability demonstrated no monomer
conversion in the dark.””® Moreover, appropriate redox poten-
tials of Ir complexes enabled the synthesis of high-molecular-
weight polymers owing to the well-balanced rates of activation
and deactivation steps, and the preferential oxidation of the CTA
over that of vinyl ether monomers. Owing to more reducing Eq,
Ir complex in contrast to pyrylium salt efficiently generated the
thiolate anion that recaps the propagating cation intermediates
and completely prevented the polymerization in the dark.**®
Herein, a thioacetal instead of a dithioester was used as a CTA,
but the mechanism was technically identical except that the
sulfonium intermediate participated in degenerative chain trans-
fer. The importance of an appropriate redox potential was also
verified by Liao and coworkers in the case of bisphosphonium
salt (E;, = 2.01-2.06 V vs. SCE).">” The bisphosphonium salt
allowed the polymerization of a variety of vinyl ethers from TTC
with excellent temporal control at low catalyst loadings (in the
ppm range) under sunlight irradiation. Similarly, the monopho-
sphonium salt synthesized by the same research group exhibited
excellent temporal control.*’® The relationship between the
structure of the PC and polymerization activity was explored
based on high modularity of the structure of the PC and the
concomitantly widened redox window. The controllability of
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Scheme 27 Chemical structures of PCs employed for photomediated cationic RAFT polymerization.
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polymerization was dependent on the successful oxidation of the
CTA by the excited-state PC, which was influenced by the redox
potential, lifetime, and &y, of the excited-state PC.

On the other hand, cationic RAFT polymerization under
NIR light irradiation (788 nm, 14 mW cm™?) was induced by
Fe,(Cp)»(CO), in combination with alkyl bromide as an initiating
system,**® where in situ-generated FeCp(CO,)Br upon irradiation
oxidizes a carbon-centered radical to provide an initiating cation
via a mechanic process similar to photoinduced radical oxida-
tion/addition/deactivation (PROAD) that was previously reported
by Yagci and coworkers.*”® Zhu, Perrier, and coworkers
employed Mn(CO);/alkyl bromide**" or Mn(CO);Br alone under
blue light irradiation (440 nm, 10 mWem ™ 2).**> Mn(CO);Br, a
bench-stable PC with reduced sensitivity to oxygen compared to
the Mn(CO),/alkyl bromide system, for the first time facilitated
the polymerization of iBVE without prior deoxygenation either in
a batch or continuous flow reactor.

6.2. Applications

Selective activation of Ir(ppy)s;-catalyzed PET-RAFT and pyrylium
salt-catalyzed photomediated cationic RAFT polymerization of
MA and iBVE, respectively, by simply changing the irradiation
wavelength was applied in one-pot synthesis of a multiblock
copolymer (Table 2, entry 1)."** According to the absorption
profile of PCs, absorption of Ir(ppy); and subsequent PET-RAFT
polymerization of MA under blue light (450 nm), and absorption
of the pyrylium salt and subsequent photomediated cationic
RAFT polymerization of iBVE under green light (520 nm) were
expected. However, partially overlapping absorption profiles of
two PCs also resulted in photomediated cationic RAFT polymer-
ization at 450 nm and the problematic synthesis of tapered block
copolymers. Fors and coworkers took advantage of the simulta-
neous PET-RAFT and photomediated cationic RAFT polymeriza-
tions to modulate the mechanical properties of thermoset
polymers."*® Cross-linking of 1,4-butanediol divinyl ethers under
green light irradiation (525 nm, 142 mW cm™?) generated the
polymer network, whereas by switching to blue light (456 nm,
108 mW cm™?), butanediol diacrylates were also incorporated
into the network and increased the cross-linking density and
Young’s modulus. Thus, the mechanical properties of the poly-
mer network became easily adjustable by the amount of diacry-
lates, irradiation time and light intensity, and via spatially
controlled PET-RAFT polymerization by applying a photomask.
Nevertheless, photomediated cationic RAFT polymerization is
still at an early stage for numerous applications owing to the
narrow scope of monomers, PCs, and solvents and lack of oxygen
tolerance in the reaction system. The recent development of
PCs®* or use of continuous flow reactors®® combined with
further studies would expand the utility of the polymerization.

7. Summary and outlook

Among photocontrolled RAFT polymerization reactions, visible-
light-driven RAFT polymerization which harnesses visible light
or even sunlight has drawn attention in various fields including
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polymer chemistry, materials science, and bioengineering to
name a few. As visible light is an environmentally benign and
easily accessible energy source and visible-light photocatalysis
provides oxygen tolerance that simplifies the reaction design by
eliminating laborious deoxygenation, visible-light-driven RAFT
polymerization is expected to be soon utilized at an industrial
scale and face the new era in the near future. In particular, PET-
RAFT polymerization with highly efficient oxygen tolerance has
been successfully adapted for bioapplications, surface function-
alization, 3D/4D printing, and HTP synthesis in readily acces-
sible reactor system designs without prior degassing.

In addition, polymers synthesized by RAFT polymerization
have recently been subjected to depolymerization, drawing
attention to a sustainable future of polymer chemistry. Anastasaki
and coworkers reported radical-mediated, catalyst-free, and near-
quantitative depolymerization of various methacrylic polymers.***
Thermally induced homolytic cleavage of the C-S bond at 120 °C
generated chain-end radicals and released monomers from the
end of the polymer. Depolymerization of the polymer became
favored over re-insertion of the released monomers under highly
dilute conditions (5 mM relative to the monomer; 200 times lower
than that of typical polymerization conditions). Again, via visible-
light-driven photocatalysis both in the presence*** and absence of
a PC,*® faster rates and higher conversions of depolymerization
were achieved despite the temperature being lowered to 100 °C.
The improved reaction efficiencies were attributed to more effi-
cient generation of chain-end radicals via the combined thermally
and photo-induced homolytic cleavage of the C-S bond. In all
cases, high end-group fidelity of polymers provided by RAFT
polymerization was essential for efficient depolymerization. These
initial demonstrations of depolymerization are expected to be
applied for a wider scope of polymers (i.e., prepared from non-
methacrylic monomers and various CTAs) under milder reaction
conditions. Combined with the synthesis of degradable vinyl poly-
mers via copolymerization with macrocyclic allylic sulfones,'*”'*>
radical-mediated depolymerization would provide further
opportunities for polymer chemistry.

However, there is still room for improvement. First, although
the interest in comprehensively elucidating mechanistic back-
grounds using computational chemistry and kinetic modeling
has increased, it is currently limited to only a few types of PCs
and/or CTAs. Only when the discrepancy in each combination of
PC and/or CTA is considered, a fully optimized reaction system for
the intended applications may be designed.**® Second, compared
to PET-RAFT polymerization, the applications of photoiniferter
and photomediated cationic RAFT polymerizations are still lim-
ited by the lack of oxygen tolerance and a rather narrow range of
operational irradiation wavelengths and solvents for the polymer-
ization reactions. Regardless of the polymerization method, a
fundamental understanding of the mechanisms of the photome-
diated process (e.g, the involvement of singlet or triplet excited
states, the transfer of electron or energy, and the fate of the
reaction intermediates) would improve the reaction system. Third,
although the introduction of flow chemistry has enhanced the
scalability of visible-light-driven RAFT polymerizations, the design
of a reactor that could provide an accurate control over the light

This journal is © The Royal Society of Chemistry 2023
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intensity (i.e., photon flux) and reaction temperature is necessary
for consistency of polymer properties. This influence of the
reactor geometry and volume on PET-RAFT polymerization was
also reported for a cylindrical batch system.**”

In summary, we have provided herein a brief history, progress,
and future challenges of photocontrolled RAFT polymerization.
Recent studies on degradation and thermally or photo-induced
depolymerization of polymers synthesized via RAFT polymer-
ization, which potentially provide closed-loop recycling of the
polymers synthesized by RAFT polymerization, have also been
mentioned. Therefore, photocontrolled RAFT polymerization
holds significant promise in polymer chemistry ranging from an
environmentally friendly synthesis to a green future of polymers
such as commercial vinyl polymers including plastics.**® We
anticipate that this review will provide guidance on how and to
what extent the photocontrolled RAFT polymerization could be
utilized, and attract researchers from various fields to achieve
the full potential of the method, which pose a greater impact on
our society in line with the ever-growing need for environmental
compatibility.
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Emerging Organic Photoredox Catalysts for Organic

Transformations

Yungyeong Lee® and Min Sang Kwon*[!

Abstract: A lot of efforts have been made for the development
of novel organic photoredox catalysts (PCs) due to their gratify-
ing replacement for conventional transition metal-based PCs in
photoredox catalysis. In this minireview, we summarized and
classified the recently reported organic PCs into several catego-
ries based on functional groups (e.g. cyanoarene, phenazine,
xanthene, and others) with their applications to various organic
\transformations including polymerization reactions. The strate-

gies used to design organic PCs then also introduced. The
emerging trends for the discovery of organic PCs are systematic
approaches which include computer-aided and mechanism-
based design. We anticipate that this minireview will provide
not only the characteristics of the recently reported organic
PCs, but also an insight into the design and discovery of organic
PCs for desired applications.

/

1. Introduction

Photoredox catalysis has been of tremendous interest as a
green and mild alternative to conventional syntheses."! Photo-
redox refers to harnessing light energy, instead of thermal en-
ergy commonly used in chemical syntheses, to excite reactant
species and proceed a redox-mediated reaction. Pioneering
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works have utilized organometallic photoredox catalysts (PCs),
embedded rare-earth metals such as iridium! or ruthenium,4
but their cost and potential toxicity still raised the need for the
preparation of purely organic PCs. Since the recent successful
replacement of organometallic PCs with previously well-known
organic dyes,>~'¥ the development of organic PCs has mostly
relied on the structural modification of these organic dyes
based on a “trial-and-error” approach and/or the “serendipitous
finding” of a new core structure. More recently, systematic ap-
proaches have emerged toward the more straightforward and
efficient design and discovery of organic PCs including com-
puter-aided design!'>' and mechanism-based design in which
consecutive photoinduced electron transfer (con-PET)['7:18]
and triplet-triplet annihilation (TTA) up-conversion are em-
ployed.[19:20!

There already exist excellent review articles on the overview
of organic photoredox catalysis,[">2"! the photophysics of or-
ganic photoredox catalysis,'??! mechanistic studies on (organic)

chemistry, photochemistry, and polymer chemistry.

Yungyeong Lee received her B.S. and M.S. degrees in Chemistry at the Ulsan National Institute of Science and Technology (UNIST) in 2017
and 2019, respectively. She is currently pursuing a Ph.D. in Materials Science and Engineering at UNIST under the supervision of Prof. Min
Sang Kwon. Her recent research interest focuses on the development of organic photocatalysts, investigation of their photophysical and
electrochemical properties, and application to visible-light-mediated polymerization reaction.

Min Sang Kwon received his B.S. degrees in Chemistry and Materials Science and Engineering from the Seoul National University (SNU). Then,
he completed his Ph.D. in Chemistry at SNU in 2011 under the guidance of Prof. Eun Lee. After finishing his postdoctoral studies at SNU with
Prof. Soo Young Park, he moved to the University of Michigan to work with Prof. Jinsang Kim. Upon completing his postdoctoral studies in
2016, he began his independent career at UNIST as an Assistant Professor of Materials Science and Engineering. In 2020, he moved back to
his alma mater, SNU where he is currently an Assistant Professor of Materials Science and Engineering. He has a broad interest in organic

Eur. J. Org. Chem. 2020, 6028-6043 Wiley Online Library

6028

© 2020 Wiley-VCH GmbH


https://doi.org/10.1002/ejoc.202000720
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fejoc.202000720&domain=pdf&date_stamp=2020-08-23

Chemistry
Europe

European Chemical
Societies Publishing

Minireview

EurJOC . .
doi.org/10.1002/ejoc.202000720

European Journal of Organic Chemistry

photoredox catalysis,?3! the use of organic electronic semicon-
ductors for new PCs,!?*! and the use of (organic) PCs in a variety
of organic>¢252%1 and polymer syntheses.[®”?7) Several recent
reviews also focused on purely organic PCs utilized for photo-
redox-mediated controlled radical polymerizations®-10.28:29]
where a reduction in the catalyst loading or the complete re-
moval of the metal are necessary for the synthesized polymers
to be applied in electronic and/or biomedical fields. However,
recent advances in the development of organic PCs still remain
unaddressed, especially the recent emergence of new organic
PCs and the reactions catalyzed thereby, based on conceptually
new approaches.

Herein, we aim to update the list of organic molecules newly
designed or applied as organic PCs with an emphasis on the
underlying principles of their design. After a brief review of the
key aspects of PC design, we summarize and classify the re-
cently reported organic PCs into several categories based on
functional groups with their applications in various organic
transformations. In addition, the strategies used to design and
discover these organic PCs are introduced. This review will pri-
marily cover the literature on the development of organic PCs
that has appeared since the publication of the review published
by Nicewicz and co-workers in 2016;! In fact, the review by
Nicewicz and co-workers covers almost all of the organic PCs
developed before 2016. We also introduce several earlier papers
that were not included in the previous review articles men-
tioned beforehand. The work cited in the previous reviews is
only mentioned again when necessary to reflect the context of
the latest work in this minireview.

2. General Considerations for the Design of
Organic PCs

To efficiently catalyze a given photo-mediated redox reaction,
in brief, the PC strongly absorbs light to be excited and pos-
sesses proper ground and excited state of oxidation or reduc-
tion potentials to facilitate two important electron-transfer (ET)
processes within the catalytic cycle via either an oxidative or
reductive quenching pathway, i.e. a photo-induced ET to
quench the excited state (opening the catalytic cycle) and a
subsequent ET to regenerate the ground-state catalyst (closing
the catalytic cycle) (Scheme 1). A variety of light sources (e.g.
halogen lamp, fluorescent bulb, LED, and others) can be em-
ployed for irradiations, of which, visible-light LED is advanta-
geous in terms of mild reaction conditions, eco-friendliness, and
sustainability.l?! In addition to strong absorption and appropri-
ate redox potentials, the population of the lowest triplet excited
state (T,) plays a critical role since the PC in the excited state
has to diffuse to the substrate of interest before returning to its
ground state. Here, the involvement of the lowest singlet ex-
cited state (S;) has been recently claimed by Orr-Ewing and
co-workers from the investigation of photochemical dynamics
of organocatalyzed atom transfer radical polymerization (O-
ATRP).3%31 However, because of the longer lifetime of T;, the
efficient generation of T; has been mainly considered for the
development of highly efficient organic PCs. The stability of
radical ion intermediates is also an important factor. For suc-
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cessful photoredox catalysis, radical ion intermediates should
be quenched by ET and regenerate the ground-state PC. Unsta-
ble radical ions can promote undesirable side reactions before
the ET process and, consequently, limit the deactivation process
in the catalyst cycle; In contrast, interestingly, Kénig and co-
workers recently reported that a side reaction can produce a
substrate with higher catalytic activity and stability, which sub-
sequently promotes the reaction (Section 3.1, Scheme 5 and
Scheme 6).13233 Finally, high (photo)stability of the PC under
the reaction conditions is highly required. For further details on
the photophysical, electrochemical, and mechanistic aspects
of photoredox catalysis, the review articles by Nicewicz and
co-workers,>34 Wangelin and co-workers,'>*! Melchiorre and
co-workers,3 and McCusker and co-workers??! are highly rec-
ommended.

Eo (PCPCY) Sub Sub Epeq’ (PC*PC+)
8 Eued’ (SublSubr) | pct pet vs. -E,," (Sub+"/Sub)
hv
Sub+ Oxidative Reductive Sub+*

quenching cycle C quenching cycle

P
PC#>_¥ %PCF

- o o
Subs- Sub  Sub Sub-* Ereq! (PCIPC)

E,» (PC+PC)
‘ vs. Ey (Sube+/Sub)

V8. —E¢° (Sub/Sub+")

Scheme 1. Oxidative and reductive quenching cycles of PCs (Sub: substrate).

3. Recently Reported Organic Photocatalysts

In photoredox catalysis, organic dyes have been employed as
an organic PC since the early 2010s3%37! thanks to their well-
known light-absorbing characteristics. Several organic dyes
turned out to be good alternatives to organometallic counter-
parts with comparable (or even better) photocatalytic perform-
ance albeit in lower catalyst loading in a variety of organic
transformations and polymerization reactions.''38 Then, struc-
tural modification of well-known organic dyes has been inten-
sively investigated to discover new organic PCs with tuned cata-
lytic parameters, which thereby enable the design and develop-
ment of new photoredox-mediated reactions. More recently,
systematic approaches such as computer-aided and mecha-
nism-based catalysts design have been proposed to discover
organic PCs. In this section, newly reported organic PCs being
classified by a core scaffold are introduced (Scheme 2, Table S1,
Supporting Information). Again, for the organic PCs reported
before 2016, please refer to the review written by Nicewicz and
co-workers which provided their photophysical and electro-
chemical characteristics and synthetic applications thereof.l>34

3.1. Cyanoarenes

1,4-Dicyanobenzene (DCB), 1,4-dicyanonaphthalene (DCN), and
9,10-dicyanoanthracene (DCA) are commonly employed cyano-
arene-based organic PCs, which display a wide range of
ground-state reduction potential (E,eq°) from -0.7 to 1.7 V (vs.
SCE). However, concerns regarding the possible degradation of
catalyst put a limitation on reducing their loading.””! Here, E,oq

© 2020 Wiley-VCH GmbH
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(Section 3.6) (Section 3.9)
1
R n R’
& =
0, LI, L
R o R R R ﬁ/ ) Others
é“ (Section 3.10 and 3.11)
Phenoxazines Dimethyl-dihydroacridines Porphyrins
8 . Acridiniums ;
(Section 3.4) (Section 3.5) (Section 3.7) (Section 3.8)
(b)
| Cyanoarenes I
_ Phenothiazines
T Phenazines
T Phenoxazines
1 Dimethyl-dihydroacridines
: EE Xanthenes
Acridiniums R |
Gon-PEY e
(Scheme 27) Porphyrins -
¥ - Naphtochromenes |
-3.5 -3.0 -25 -2.0 -1.5 -1.0 -0.5 0 0 +0.5 +1.0 +1.5 +2.0 +2.5 +3.0 435

Oxidation potential, E,,” (V vs. SCE)

Reduction potential E,,4" (V vs. SCE)

Scheme 2. Organic PCs introduced in this paper. (a) Representative scaffold structures and (b) oxidation or reduction potential values at excited state defined
as Eoy (PC-*/PC¥) or E..q (PC*/PC-), respectively. Except for xanthenes, the values at singlet excited state (E.y (S;) or E,eq (S;)) were depicted. Please note that
potential values were obtained under different conditions. The exact values are listed in Table S1 (Supporting Information).

(Eox) is defined by the half-reaction A + e —» A (DY + e” — cN CN CcN
D) and is referred to as the “reduction (oxidation) potential of © “ *
A (D)". All potential values are written against SCE throughout OO OOO
this review. Dz: DCNCN DZ:;

In 2016, Zhang and co-workers prepared carbazolyl dicyano-
benzene (CDCB) derivatives as PCs, which are based on a do-

(1,4-dicyanobenzene) (1,4-dicyanonaphthalene) (1,4-dicyanoanthracene)

R CN CN

. . NC CN NC CN

nor-acceptor (D-A) molecular dyad with the carbazole moiety ~ N¢ N NCIZCN - g . Q R R R
as an electron donor and the dicyanoarene as an acceptor.’ R R R R <% oL R R
The acceptor's lowest unoccupied molecular orbital (LUMO) h ) s . o N
(donor's highest occupied molecular orbital (HOMO)) deter- 18R = MeoCz 12:R=DP
mines oo and " (Eo,® and E,og) in the D-A dyad in principle  22:r=cicz cN oN e e N e e

. . . 23:R=BrCz R R R R
and therefore, expected to provide PCs with a wide range of  24:r=mucz /@ @ \©/ Jf:[ ﬁ;[
redox potentials. Six molecules with different numbers and po- = hr-ohe R R R X R R TR
sitions of carbazolyl and cyano groups on the benzene core  ?:R=BDP 7 8 s 10 0 R eocs
were synthesized from commercially available precursors using o o R o .
a rather simple procedure (Scheme 3, 1-6). The resulting PCs on N CN NG cN  F F NC CcN
exhibited decent oxidizing and reducing powers and efficiently " R = n " B " " R "
catalyzed the photoredox/Ni dual-catalyzed cross-coupling of R R F CN cl
N-Boc-proline with methyl 4-iodobenzoate, which requires " b teR=be 1eR=0P LA
a highly oxidative PC. Among them, 1 (as reported 4CzIPN)
showed the best catalytic activity although all of the developed R group = A p
PCs have similar redox potentials. Further examination revealed Cf \©\
that the difference in the catalytic activity can be attributed R! R’ R i
to the relatively higher photostability of 1 in DMF. 1 was also NROte B = 0CH, e e
successfully applied for more challenging reactions such as the N e
photoredox/Ni dual-catalyzed cross-coupling of a-amino acids/ ?Brcér R,;f B!rB

uCz: =1Bu

alkyltrifluoroborates with aryl halides (Scheme 4). Since the first
report of 1 by Zhang and co-workers, it has been widely utilized
in a variety of challenging photocatalytic transformations with
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Scheme 3. Cyanoarene-based organic PCs. R group depicts carbazole (Cz)
otherwise noted.
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or without metal catalysts. Examples including the selective hy-
drocarboxylation of styrenes with CO, and the selective activa-
tion of bonds albeit with similar bond dissociation energies are
well-summarized by He, Yu, and co-workers.*®! Very recent
work includes the benzylation of aliphatic aldehydes®?
(Scheme 5) and the photocarboxylation of benzylic C-H bonds
with CO, via carbanion generation by Kénig and co-workers3!
(Scheme 6). Interestingly, the degradation products, 13132 and
14,1331 where one cyano group of 1 was eliminated under the
reaction condition were isolated and found to be more photo-
stable and thus to proceed the reaction well.

PC 1 (2.5 mol%)
NiCl;*DME (10 mol%)
2,2"-bpy (15 mol%)

(a)
X
= Cs,C0O; (1.5 equiv)
@ - QcozH T e N (3R
] doc DMF, r.t & %
I

oc

X=Cl, Br, 26W white CFL
(1.0 equiv) (1.5 equiv)
(b) PC 1 (1.5 mol%)
NiCl,*DME (3.0 mol%)
Br 2,2'-bpy (4.0 mol%)
©/\BF3K 2,B-lutidine (3.5 equiv)
* R‘s .O
DMF, r.t.
R 26W white CFL
(1.0 equiv) (1.25 equiv)
Br R
e —— ()
or N N
H H
(1.0 equiv) (1.25 equiv)

Scheme 4. Photoredox/Ni dual-catalyzed cross-coupling of (a) a-amino acids
and (b) alkyltrifluoroborates with aryl halides.

R2 PC 1 (5.0 mol%) R2
OH o Cs,C0; (1.0 equiv) R3
+ SJL
o] R® "H DMA, r.t. OH
R 455 nm LED R

(1.0 equiv) (3.0 equiv)

o
A, o+
R™ 'H
@/\/ R
OH byproduct
product via cyanide elimination

Scheme 5. Benzylation of aliphatic aldehydes.

Li, Huang, Zhang, and co-workers reported that CDCB deriva-
tives are also effective for energy transfer (EnT)-based photocat-
alytic reaction.”"! Five additional organic PCs (7-11) with vary-
ing numbers and positions of carbazole moieties on the benzo-
nitrile core were prepared and underwent the Z/E isomerization
of stilbene analogs where the higher Z/E ratio or the promoted
isomerization from the E- to Z-isomer originates from the EnT
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PC 1 (6.0 mol%)
Pr,SiSH (20 mol%)

i c0. COM g —> 1
Ar” "R DMF, 0°C ArT "R byproduct
455 nm LED via cyanide elimination

Scheme 6. Photocarboxylation of benzylic C-H bonds with CO, via carbanion
generation.

process from T, of the PC to the E-isomer if T, lies in between
of energy levels of the Z- and E-isomers. The triplet excited
energy can be divided into locally excited (3LE) with a fixed
energy level or charge transfer triplet state (3CT) with a tunable
energy level. Femto- and nanosecond transient absorption
spectroscopic analysis on two representative PCs (1 and 4) in
the presence of E-stilbene revealed that both states partici-
pated, but their relative contributions were different. The au-
thors found that changing the solvent to a less polar one or
increasing the CT character of the D-A dyad decreases the 'CT
energy and increases the 3CT population. As the mechanistic
origin of the EnT state was provided, PCs with an appropriate
triplet excited-state energy together with E..q" (1 and 12) af-
forded the desired EnT-product in the cross-coupling of carbox-
ylic acids and aryl halides, where the EnT competes with the ET.

4DPAIPN where diphenylamine substituted for the carbazole
of 4CzIPN (1) was synthesized in the aforementioned publica-
tions by Zhang and co-workers, but later it turned out to be
3DPAFIPN (15). Therefore, the photophysical properties and
catalytic performance of 3DPAFIPN (15“?) and 4DPAIPN (25,
appeared after then!">#344) are not mentioned here for clarity.

In fact, 1 was originally proposed as thermally activated de-
layed fluorescence (TADF) emitter for highly efficient organic
light-emitting diodes (OLEDs).1*! Strongly distorted D-A struc-
ture exemplified in 1 leads to the strong localization of the
HOMO and LUMO on the spatially separated D and A moieties
respectively, resulting in a small singlet-triplet energy gap
(AEst), thereby promoting the intersystem crossing (ISC) even
without a heavy-metal atom. The efficient generation of long-
lived triplet excited state is thus realized in a given molecule so
that the structurally distorted D-A dyad has served as a molec-
ular platform to unveil a new class of organic PC.['>42

In 2018, Zeitler and co-workers provided a systematic ap-
proach to develop tailored cyanoarene-based PCs with either
strongly oxidizing or reducing powers in a predictable man-
ner.*? Inspired by the successful employment of the TADF
strategy and outstanding catalytic performance of 1, it became
the starting point to prepare eight molecules (1, 11, and 15-
20) through a combination of three donors and five acceptors
consisting of a halogen atom (F and Cl) and cyano group incor-
porated on the electron-accepting core. The type and number
of donors (electron-withdrawing substituents on the acceptor)
were considered to affect and thus finely tune the reducing
(oxidizing) power of the PC. In particular, halogen substituents
have both inductive electron-withdrawing and mesomeric elec-
tron-donating abilities. The measured ground-state redox po-
tentials were well-tuned although the reduction potential was
rather difficult to predict than the oxidation potential. The pre-
pared catalysts processed model reactions which require a
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strongly reducing or oxidizing catalyst effectively on a par with
Ir(ppy)s or Fukuzumi's catalyst, respectively.

Likewise, the fine-tuning of the E..q" of 1 was attempted by
Waser and co-workers using substituted carbazole!*®! or diphen-
ylamine.3! In the case of halogenation, the computed E,.4° or
E.q values increased in the order of H, F, Cl, Br (1 and 21-23),
whereas the values could not be determined experimentally
due to the poor quality of the CV measurements.®) The latter
work was aimed to impart selectivity to the carboxylic acids on
the C-terminus over those on aspartic acid or glutamic acid
based on their different oxidation potential during decarboxyl-
ative alkynylation of peptides.*3! Halogenation on the diphenyl-
amine of 25 (24, 26, and 27) increased the E,.4" and a methoxy
group on the carbazole of 1 (24) decreased E,.q", but how effec-
tively the finely tuned E,.q" deals with the selectivity issue was
not demonstrated.

3.2. Phenothiazines

Among the various photomediated controlled radical polymeri-
zations (photo-CRP), a metal-free method was first suggested
in photoredox-mediated atom transfer radical polymerization
(ATRP) by Fors, Hawker, and co-workers by replacing an Ir-based
catalyst with a phenothiazine-based organic PC."*”! ATRP has
been widely used to synthesize polymers with precisely defined
structures, but concerns on metal residues, which could hamper
the use of the polymers in biological or microelectronic applica-
tions, have led to the development of metal-free system.?®! In
O-ATRP, the PC has to be highly reducing in its excited state to
activate carbon-halogen (C-X) bond (initially from the initiator
and subsequently from the dormant polymer chain). The result-
ing radical cation should be sufficiently stable and appropri-
ately oxidative to close the catalytic cycle (Scheme 7a). The au-
thors adopted phenothiazine as the core structure in terms of
its desirable radical stability, but commercially available 10-
methylphenothiazine (Scheme 8, 28) gave poor control over
the molecular weight distribution (or dispersity) possibly due
to catalyst decomposition. Eosin Y or methylene blue with the
oxidizing excited state was not able to promote the polymeriza-
tion at all. Instead, 29 with a phenyl group as the nitrogen
substituent allowed the controlled polymerization of vinyl
monomers including methyl methacrylate (MMA). Notably, the
less oxidizing ground state of 29 than that of Ir(ppy); prevented
the oxidation of amine, which was thought to broaden the dis-
persity of poly (2-(diethylamino)ethyl methacrylate). Therefore,
the necessity to purposely build up a new class of organic PCs
with proper redox potentials in both the ground and excited
states was again highlighted.

As Matyjaszewski and co-workers reported, 29 also achieved
O-ATRP of acrylonitrile.*® Two more phenothiazine derivatives
with different nitrogen substituents were investigated under
the same polymerization condition. 31 with a methoxy group
showed a similar catalytic performance to 29, whereas the po-
lymerization took longer after an induction period for 32 with
a 1-naphthyl group. However, the reason for the catalyst design
and a detailed study on their different performance was not
provided. The effect of N-arylation was explained later by the

Eur. J. Org. Chem. 2020, 6028-6043

www.eurjoc.org 6032

(a) | = Model reaction:

. | o
PC E o Br .
: * o
hv ! o
p- ; A
O

initiator, EBP monomer, MMA
o
o~ o Br
—— o

<<

PC
P=

PC* X
P-
P,—8" "z
pC*
pCs

X
(b) j\
hv( [ i _4.‘ P + i
P,—57 Z "M §7 vz
5 O,
S s | o s
P"—s)Lz Ln—sj\z —

s S

P *+ P *+

RAFT equilibrium: O Pm‘S)LZ —_— O P.-.—S)LZ
M M

Scheme 7. Reaction mechanism for the (a) O-ATRP and (b) PET-RAFT polymer-
ization (P-X: dormant polymer chain, P-: propagating polymer chain,
M: monomer, EBP: ethyl a-bromophenylacetate, MMA; methyl methacrylate).

same research group in the work which elucidated the mecha-
nism through cyclic voltammetry measurements, laser flash
photolysis, and density functional theory (DFT) calculations.[*!
Several classes of catalysts including phenothiazine-based or-
ganic PCs (28, 29, and 31-35) were tested in the model reac-
tion to prepare poly(methyl methacrylate) (PMMA) under differ-
ent conditions (varying the solvent system, light intensity, initia-
tor, and catalyst). Only N-arylated phenothiazines which were
stable over a longer polymerization time without decomposi-
tion of corresponding radical cations provided well-defined
polymers. Others that underwent decomposition showed lim-
ited control despite their similar redox potentials.

29 promoted the photomediated reversible addition-frag-
mentation chain transfer (RAFT) polymerization of a variety of
acrylate and acrylamide in a controlled manner in the presence
of a chain transfer agent (CTA) with a trithiocarbonate (TTC)
moiety."% 36, a model compound functionalized with an acryl-
amide group, was shown to retain the electrochemical property
of 29 so that even the gel formed via the copolymerization of
37 with N-isopropylacrylamide (NIPAAM) served as a heteroge-
neous and recyclable PC for photomediated RAFT polymeriza-
tion and O-ATRPP' In particular, the resulting gel displayed a
lower critical solution temperature (LCST) behavior in water ow-
ing to poly(NIPAAM). The photo-CRP only became possible at
temperatures below the LCST where the reagents are allowed
to diffuse into the swollen and transparent gel and thus partici-
pate in PET.

Modification of the core of 29 with 4-n-butylphenyl groups
led to the development of 38, which exhibited a red-shifted
absorption profile by 30 nm and increased molar absorptivity
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Scheme 8. Phenothiazine-based organic PCs.

by around 4 times.>? The E,," of 38 was similar to 29, but only
38 provided well-controlled semifluorinated (meth)acrylate
polymers in the presence of TTC upon visible-light irradiation
due to the low visible-light absorption of 29. However, simply
improving the absorption profile in the visible-region of 29 and
39 was insufficient for the preparation of poly(meth)acrylates
and poly(meth)acrylamides possessing (hetero)aryl chain
ends.’3! The proposed mechanism was similar to that of O-
ATRP except for using an arylsulfonyl halide instead of an alkyl
halide as the initiator. Despite their similar light absorption pro-
file, E,," and fluorescence lifetime of the excited states of 38,
40, and 41, 41 afforded the best result given the distinct value
of fluorescence quantum yield (@) (30, 15, and 61 %, respec-
tively). Very recently, Chen and co-workers reported the PET-
RAFT copolymerization of chlorotrifluoroethylene, which suf-
fered from the low boiling point, and vinyl ethers at ambient
temperature and pressure.*¥ Although the electron-withdraw-
ing substituent on 28 decreased the E,," of the fluorinated PC
(42), 42 imparted better control due to the fluorine-fluorine
interaction with the copolymers which were observed to self-
assemble during the polymerization process.

The highly reducing nature of 29 in its excited state enabled
the dehalogenation of unactivated alkyl and aryl halides (Cl, Br,
and 1> which further improved the same reaction using
perylene diimides (PD)!'”) or Ir(ppy);.>®! By 29, iodobenzene
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underwent the reduction even in air, whereas, 30 which was
exclusively led to form a triplet excited state due to benzophen-
one moiety, resulted in no reaction under the same conditions.
Based on these results, the authors suggested that only the
singlet excited state of 29 contributes to catalyze the reaction
thus rendering the accessibility to challenging substrates and
oxygen tolerance.

Recently Damrauer and co-workers provided insight on how
to promote ®,s,®”! in line with their research interest on the
design principles of structurally similar phenoxazines although
the difference between sulfur and oxygen has to be accounted
for. Four molecules with the same 4-biphenyl substituents on
the core and N-aryl substituents bearing increasing electron-
withdrawing character (43-46) were prepared and the elec-
tronic character of their excited states was assigned by transient
absorption spectroscopy and DFT calculations. As the accessibil-
ity to singlet charge transfer state from the phenothiazine core
to naphthyl group (Scrnaph) increases by lowering its energy
level along with increasing electron-withdrawing character of
naphthyl group, radiative decay is slowed to promote ISC to
triplet charge transfer state from the core to biphenyl group.
However, if too much lowered as in the case of 46, ® 5 became
too low due to more favored nonradiative decay from Scr.naph-

3.3. Phenazines

In 2016, Miyake and co-workers developed a series of organic
PCs for O-ATRP based on a 5,10-diphenyl-5,10-dihydrophen-
azine core (Scheme 9)I'® in line with their discovery to use
perylene.’® Here, computational chemistry played a notable
role. First of all, the core was unbiasedly screened out of a vari-
ety of different cores based on their theoretically calculated
value of E,,". The calculated redox potentials showed good
agreement with the experimental values obtained throughout
the paper. The presence of electron-donating (47), -withdraw-
ing (49, 50), or neutral (48) N-phenyl substituents gave a rather
wide range of E,,* from -2.06 to -2.36 V which were sufficiently
high to reduce ethyl o-bromophenylacetate (EBP) (E.oq’ =
-0.74 V) which was employed as an initiator. PC-* was oxidizing
enough (E,,° = ca. -0.1 V) to deactivate the propagating radical
and thus close the catalytic cycle. Therefore, the O-ATRP of
MMA under white LEDs or even sunlight was achieved in a
controlled manner. Interestingly, 49 outperformed the other
catalysts in spite of them all exhibiting the appropriate redox
potentials. DFT calculation on the frontier molecular orbitals
contributing to the T, revealed that the higher-lying SOMOs in
49 and 50 were localized on the phenyl moiety to which the
electron-withdrawing substituents were attached, in contrast to
that observed for 47 and 48 localized on the phenazine core
along with their lower-lying SOMOs. Observations on the effect
of electron-withdrawing N-phenyl substituents to cause the
spatial separation of the electrons in T, led the authors to sug-
gest the 2-naphthyl (51) and 1-naphthyl (52) derivatives based
on quantum chemical calculations. As expected, both catalysts
possessing not only proper redox potentials but also spatially
separated SOMOs worked well in the polymerization reaction.
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Scheme 9. Phenazine-based organic PCs.

It was later confirmed that the intramolecular charge transfer
(CT) character, which can be accessed by (the choice of the
N-aryl substituent and thereby) the spatially separated SOMOs
in the lowest excited state, is important for the controlled O-
ATRP of MMA.5€01 TD-DFT calculation combined with UV/Vis
spectroscopy predicted the excitation character of the local ex-
citation (LE) in 48 and of CT in 51 and 52.1°9 Since the HOMO
was localized on the dihydrophenazine core for both cases, the
location of the LUMO defined the character: LE if localized on
the core with an unfunctionalized phenyl moiety as the N-aryl
substituent (48) or CT if localized on the N-aryl substituent with
phenyl moiety functionalized with an electron-withdrawing
group or extended conjugation (51 and 52). The nature of the
CT was further supported computationally by the change in the
dipole moment from the 'PC to 3PC” state in the electrostatic
potential (ESP) map and experimentally by the large Stokes shift
and solvatochromic shift in the emission behavior. As expected,
PCs which do possess CT character (49, 51, 52, 55, and 56 with
an electron-withdrawing N-aryl group) outperformed those PCs
without CT character (47, 48, 53, and 54 with an electron-
donating N-aryl group) albeit with similar redox properties.>!
Given the similar role of the PC in PET-RAFT polymerization as
in O-ATRP, the former reaction with a variety of monomers us-
ing 47 and 49 was also dependent on the accessibility of the
PC to CT character.®’ Of note, 49 was the first organic PC to
catalyze the PET-RAFT polymerization of vinyl acetate. 51 and
55 also allowed the PET-RAFT polymerization of methyl acrylate
(MA) at a much faster rate than non-CT PCs (47, 53, and 54)
potentially because of the more efficient activation of the RAFT
agent.

Subsequently, the effect of the modification of the dihydro-
phenazine core was studied.’? PCs with electron-withdrawing
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(59), conjugation-extending (58, 60), and electron-donating
(61, 62) substituents were prepared from 57. The absorption
profile was red-shifted with increased molar absorptivity in all
the PCs when compared to 49. Similar to the N-aryl substituent
modification, only PCs with electron-withdrawing or conjuga-
tion-extending groups were computationally predicted to have
spatially separated SOMOs. However, the higher-lying SOMO
was found to reside on the core-substituent instead of the
N-aryl substituent, whereas the lower-lying SOMO was consist-
ently located on the core. With the resulting CT character and
high molar absorptivity, 58-60 outperformed 49 in the O-ATRP
of MMA at the significantly decreased catalyst loadings (e.g.
from 1000 ppm to even 5 ppm relative to MMA in the case of
58). At 50 ppm, 58 and 59 showed oxygen tolerance.

The introduction of CO,-responsive tertiary amine moieties
in 48 facilitated the almost complete removal of the catalyst
after the polymerization.[®3! 63 is hydrophobic in absence of
CO,, whereas it becomes hydrophilic under CO,. The difference
in solubility allowed the controlled O-ATRP to be conducted in a
hydrophobic organic solvent and catalyst removal via extraction
with a CO,-saturated aqueous solution after the reaction (and
vice versa). The recovered catalyst could be reused in subse-
quent reactions.

Meanwhile, Miyake and co-workers utilized a strongly reduc-
ing power of 51 to directly reduce CF3l or C,Fsl in trifluorometh-
ylation of unsaturated indoles, pyrroles, arenes, and alkenes and
photoredox/Ni dual-catalyzed C-N cross-coupling reactions of
primary and secondary amines with aryl bromides.”™® Glorius
and co-workers employed 49 for photoredox/Cu dual-catalyzed
decarboxylative olefination of various activated aliphatic
acids.®! Alkyl radicals were formed from aliphatic acids
(E; 579 < -1.28 V), followed by Cu" catalyst-mediated oxidation
to the alkene. A series of PCs (48, 50, 53, and 55) were ineffec-
tive despite appropriate E,," and the superior performance of
49 was ascribed to the faster reaction rate in the reaction.

3.4. Phenoxazines

In 2016, Miyake and co-workers reported that N-aryl phenox-
azines can mediate O-ATRP.°®! The catalysts were designed to
have the spatially separated SOMOs in their T;s to extend the
validity of this design principle to different classes of PCs over
phenazine. PCs with different N-phenyl substituents all pos-
sessed strongly reducing excited states (E., = ca. -2 V) and
oxidizing radical ions (£, = ca. 0.5 V), but only naphthyl sub-
stituents yielded spatially separated SOMOs (Scheme 10, 64—
67). Thus, successful control of the O-ATRP of MMA was
achieved using 66 and 67 under irradiation at 365 nm and
2-bromo-2-methylmalonate (DBM) as an initiator. Furthermore,
4-biphenyl substituents on the core of 66, as directed by com-
putational studies, brought about the preparation of a more
useful catalyst 68 which can absorb visible-light while retaining
superior control over the polymerization. 68 showed air toler-
ance as well when the volume of the vial headspace was re-
duced in the later work albeit with a lower [*.°7 A series of
structurally modified PCs (70, 75, 77, 78, and 81) were prepared
to understand the mechanism, but all resulted in the consist-
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ently low I*. I* is defined by dividing the theoretical number
average molecular weight (M,,) by experimental M,,, so the low
value of I* suggested that a side reaction likely occurred by the
presence of air.
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Scheme 10. Phenoxazine-based organic PCs.

In addition, 32 as an S-analog of 66 was studied to investi-
gate the effect of different atoms on its physical properties and
thus their catalytic performance in O-ATRP.°®! 32 with a pheno-
thiazine core produced a less controlled PMMA with broad dis-
persity. The X-ray crystal structure of 32 and electrostatic poten-
tial mapped electron density of its T; were compared to those
obtained for 66 and 48 (as an N-analog), which indicated that
the bent boat conformation of the phenothiazine moiety due
to the larger sulfur atom limited the intramolecular CT process.
The larger dispersity was also attributed to the higher structural
reorganization energy of phenothiazines in the transition from
the boat ground state to the planar radical cation and then to
the boat at T,, as inferred from the computation on 29, 48,
and 64. Meanwhile, the similar smaller size of the oxygen and
nitrogen atoms when compared to sulfur resulted in the con-
sistently planar structures of the phenoxazine and phen-
azine moieties throughout their transitions and the lower struc-
tural reorganization energy, which favors kinetically fast ET
processes.

The requirements of the PC to successfully carry out O-ATRP
(efficient visible-light absorption, proper redox properties at its
ground and excited states, and spatially separated SOMOs) were
validated through a study of the structure—property relation-
ships of a series of phenoxazine derivatives (64 and 66-83).1°8)
It was previously shown that core modification enhances the
visible-light absorption (66 vs. 68) and a naphthyl moiety as
the N-aryl substituent generates intramolecular CT character in
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the triplet excited state (64 vs. 66, 67), but an investigation on
a larger number of PCs enabled a more detailed catalytic design
principle to be established.’°® For example, a core-extended 10-
phenylphenoxazine (73) without an N-aryl substituent was also
able to access the CT states albeit to a lesser extent because
their SOMOs were separately localized on the core and core
substituent. 70 with a 2-naphthyl substituent on 73 was ex-
pected to induce CT character from the core to 2-naphthyl sub-
stituent but was similar to 73 in terms of the nature of CT
character and catalytic performance implying that the core sub-
stitution influenced the catalytic properties more than N-aryl
substitution. The core substituent also affected the light ab-
sorption profile and redox properties. Similar trends were also
seen in the novel phenoxazine-based PCs (83-87) developed
by Lee, Son, and co-workers®?! with the aid of DFT calculations.
87 showed the best performance in the O-ATRP of MMA in the
presence of DBM.

Besides O-ATRP, 68 possessing photophysical characteristics
(e.g. Eoy’, E;0, energy level of T,, and triplet quantum yield)
which are comparable to those of Ir(ppy)s, as well as remarkably
longer-living T; (480 + 50 ps vs. 1.9 us) catalyzed the organic
transformation of small molecules such as photoredox/Ni dual-
catalyzed C-N cross-coupling reactions of amines and C-S
cross-coupling reactions of thiols with aryl bromides.’™* Kénig
and co-workers reported 68-catalyzed photocatalytic Barbier-
type reaction of allyl or benzyl bromides with aromatic alde-
hydes or ketones to generate allylic or benzylic alcohols via a
reductive radical-radical cross-coupling.’® Aldehydes under-
went single-electron reduction by 68 in the excited state in
the presence of N,N-diisopropylethylamine (DIPEA) and LiBF,,
followed by coupling with allyl or benzyl radical produced by
DIPEA and light irradiation. Although the homocoupling by-
products were inevitably formed, the photocatalytic reaction
eliminated the need for various metals in the conventional
Barbier-type reaction.

Given the recent publications by Damrauer and co-workers
describing the detailed analysis of photophysics regarding the
ISC yield, (non)radiative rate constants, and relevant photophys-
ical parameters,”’72 it is expected to disclose the intentional
design of phenoxazine-based PCs and broaden their applica-
tion to organic transformations./?"

3.5. Dimethyl-Dihydroacridines

Very recently Miyake and co-workers presented dimethyl-
dihydroacridines, which have been applied in the field of OLED,
as a new scaffold.l”3) Inspired by their structural similarity to
dihydrophenazines and phenoxazines (see Section 3.3 and 3.4,
respectively) introduced in their previous works, seven PCs
(Scheme 11, 88-94) were synthesized in an analogous fashion
guided by DFT calculations to tune the light absorption profile,
intramolecular CT character in the excited state, ®¢, and redox
properties and compare their catalytic performance in the O-
ATRP of acrylic monomers, which necessitates a highly negative
E.y . Likewise, the accessibility to CT character was corroborated
with the reduced @, and thereby relatively more controlled
polymerization of n-butyl acrylate (BA) in the presence of DBM
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under irradiation at 365 nm. However, the lower dispersity
(1.35) of the resulting polymer could only be accompanied by
uniform irradiation in a continuous-flow reactor and the addi-
tion of bromide salts to promote the deactivation of the propa-
gating polymer ends due to the significant autopolymerization

of BA.
.
400
e Q. O

88: R' = 1-Naph, R? = Ph 92: R'=H, R?=Ph

89: R' = 1-Naph, R? = OCH, 93: R' = OCH,4, R? = Ph
90: R' = 1-Naph, R? = CN 94:R'=CN, R? =Ph
91: R' = 2-Naph, R? = Ph

Scheme 11. Dimethyl-dihydroacridine-based organic PCs.

3.6. Xanthenes

Xanthenes are in either neutral or ionized state and have differ-
ent absorption properties depending on the pH. Eosin Y,
erythrosine B, phloxine B, and Rose Bengal (RB) are examples
sharing a common halogenated xanthene dye scaffold, but
each with different halogen atoms (Scheme 12). Owing to their
photoredox potential comparable to that of transition metal
complexes, numerous reactions have been successfully cata-
lyzed by eosin Y!'3'4 and the other xanthene dyes."”

Fluorescein: R' = R?=H 95 96
EosinY:R'=Br,R2=H

ErythrosinB: R'=1,R?=H

Phloxine B: R'=Br, RZ=Cl

Rose Bengal: R' =, R?=ClI

H H H H
Ny o N~ Ny 0. N~
998 998
o o]
0 0
Rhodamine 6G 97

Scheme 12. Xanthene-based organic PCs.

In 2015, it was demonstrated that for the PET-RAFT polymeri-
zation organic dyes can replace Ir(ppy)s”# or Ru(bpy);Cl,I"*! by
Xu, Boyer, and co-workers for the first time."?! Five dyes (eosin
Y, fluorescein, rhodamine 6G, Nile red, and methylene blue)
commonly employed as organic PCs in organic synthesis, were
screened, but only the first two dyes were effective thanks to
proper E,," and ®g; the E,," should be lower than the E,.4° of
CTA in the absence of oxygen via an oxidative quenching cycle,
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while efficient PET was reflected by the low ®,. In the presence
of oxygen, another mechanism via a reductive quenching cycle
was proposed using an amine as a sacrificial reducing agent. In
fluorescein-catalyzed O-ATRP of MMA in the presence of tri-
ethylamine as an electron donor,”® the basicity of amine also
helped fluorescein to maintain its structure in fluorescent ring-
opened form and the corresponding photophysical properties.
The polymerization was completely out of control under acidic
conditions.

Meanwhile, a comprehensive investigation of the structure-
performance relationship of conventional molecules guided the
design of a new organic PC as is the case of 95 reported by
Boyer and co-workers.””! In PET-RAFT polymerization, a higher
ko.app (@apparent polymerization rate) or catalytic efficiency can
be achieved by the efficient generation of 3PC" (high ®;) for
PET and more negative E,4 to reduce the RAFT agent. The
structure—property relationship of four commercial fluorescein
derivatives was investigated by DFT calculation, and the polym-
erization results were compared. Then structure—property-
performance relationship suggested that the introduction of a
heavier atom on the R" position (I > Br > Cl > H) enhanced ®+.
Electron-donating substituents on the xanthene core, which are
involved in the higher-lying SOMO, increase the electron-donat-
ing ability and thus lower the E,.q". Therefore, 95 was newly
designed by substituting the Cl in RB for Br. Not only was the
PET-RAFT polymerization of N,N-dimethylacrylamide (DMA) as
the monomer and 2-(n-butyltrithiocarbonate)propionic acid
(BTPA) as the CTA successfully carried out, but with oxygen tol-
erance arising from the sufficiently high ®+.

Xanthene scaffold, however, was excluded when construct-
ing broadly applicable organic PCs due to their lack of stability
upon pH change.[*? For instance, phloxine B becomes colorless
thus catalytically inactive below pH 2.0 because of the struc-
tural transition from its salt to acid state. Liu, Xu, Boyer, and
co-workers made use of this pH-responsiveness to discover an
organic PC for PET-RAFT polymerization which is sensitive to
both light and pH.”8! Advanced from their previous work devel-
oping 95, triplet quantum yield calculations were used to suc-
cessfully predict photophysical properties and led to the first
example of a fully computer-guided discovery. The critical pH
under which a given dye loses its color and photoactivity de-
pends on the molecule itself. The authors postulated that the
pH can be ideally controlled by altering the substituents on the
benzoic acid group (R') and xanthene core (R?) from an inten-
sive study of the structure—property relationship of eosin Y and
phloxine B. Further computational considerations on the E,,
&+, and photophysical properties, such as the rate constant of
fluorescence (k) or internal conversion (ki.), proposed 96 as the
most applicable PC with a transition pH around 5. 96 was then
synthesized, and its characterization results agreed well with
the predictions. PET-RAFT polymerization was successful irre-
spective of the monomer, CTA, solvent, and monomer-to-CTA
ratio used. The introduction of gaseous HCI/N, or CO, lowered
the pH of the system to “off” the polymerization, whereas the
introduction of NaHCO; powder turned “on” the reaction.

Recently, the heavy atom effect on the ISC efficiency of
xanthene dyes for visible-light mediated photopolymerization

© 2020 Wiley-VCH GmbH
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in xanthene/trialkylamine system was studied by Lee, Lee, and
co-workers.”! A high catalyst loading ensures rapid reaction
but hampers biological application at the same time. The incor-
poration of a heavy atom into dyes can reduce the catalyst
loading by decreasing the ®g, whilst increasing the triplet
excited-state population, ISC efficiency, and PET rate. Four
fluorescein-based dyes (fluorescein, 4’,5’-dibromofluorescein,
2’45, 7’-tetrabromofluorescein, and 2’,4’,5’,7’-tetraiodofluores-  radicals formed during the reaction.®4
cein) and two rhodamine 6G-based dyes (rhodamine 6G and

4’ 5’-dibromorhodamine 6G (97)) were chosen to compare the L R?

performance in relation to the number and type of halogen ©/\r'
atoms (Br and I). The type of halogen atom affected the photo- R

catalytic activity much more than the number of atoms.
2’45, 7"-tetraiodofluorescein out of fluorescein-based dyes and
97 out of rhodamine 6G-based dyes dramatically enhanced the
degree of photopolymerization presumably due to high ®sc.

analog (99) nor previously reported 100 were quite successful,
which led to the synthesis of sterically hindered and thus stable
PC (101). The yields were improved under the optimized condi-
tion using milder fluoride source and 101 (Scheme 14). How-
ever, site-selective arene C-H amination necessitated the prepa-
ration of an even more stable 102 than 99 and 101 which were
subjected to degradation in the presence of oxygen-centered

PC 101 (5.0 mol%)
Et;N+3HF (1.0-2.0 equiv) H

4-nitrophenyl disulfide (25 mol%) @')YRZ
CHC, rt. F

450 nm LED R

(1.0 equiv)
Scheme 14. Regioselective anti-Markovnikov hydrofluorination of styrenes.

An electron-donating methoxy-substituted core (103-106)
resulted in a longer excited-state lifetime of fluorescence and
similar (106) or more negative (104-106) E,.° compared to
102, as reported by DiRocco and co-workers.®>! 105 with a
tetra-substituted core outperformed 98 in the decarboxylative
conjugate addition of Cbz-proline to dimethyl maleate (86 % vs.
5 % yield) due to enhanced stability of 105 in contrast of 98
reactions (e.g. etherification and amination) mediated by an alk- ~ which underwent complete degradation during the reaction
ene cation radical can be an example as proposed by Nicewicz ~ (Scheme 15).
and co-workers,®? and the research group have contributed to &

3.7. Acridiniums

Fukuzumi's catalyst 98 (Scheme 13)%% has been shown to be
effective in most reactions where a strong oxidant is re-
quired.B” The alkene anti-Markovnikov hydro-functionalization

CO,CH
the derivatization of acridinium PCs to broaden the scope of N~ TCO:H it PC (2.0 mol%) Q\(\ o
. . . . . K,HPO, (1.2 equiv)
chemical transformation. For example, in the regioselective O)\O o OCHa O)\O CO,CH3
anti-Markovnikov hydrofluorination of styrenes, 98 was de- OCH, 4%CN'T_.ED
. . - . . 5
graded via nucleophilic demethylation by cesium fluoride act- o nm
ing as a fluoride source.®® Neither newly synthesized N-phenyl (1.0 equiv) (1.1 equiv)

Mes

0
+ .2
N

CHs
98 99:R'=R?=H,R*=Ph
Fukuzumi’s catalyst 100: R' = R®=CH,, R? = H £ R
101: R'=CH,, R2 =H, R*=Ph
102:R'=H, R? = Bu,R*= Ph

HsCO  Mes OCH;

103: R' = OCH,, R? =H, R®*=Ph 105: R = OCH,
104: R" = H, R? = OCH,3, R®* = Ph 106:R=H
OYPh
o N‘cy Mes
(LI DH®
i (HsC)N g
R EHy
107: R=CH,
108: R=Ph 109 110
R' OCH, R! OCH, R' OCH,
o® (L2 (LT
(HsC)2N N N N
R? R2 R2
111: R' = Ph, R2 = CH, 116: R' = Ph, R? = CH, 121: R' = Mes, R2 = Ph
112:R'=R2=Ph 117:R'=R2=Ph 122: R' = 1-Naph, R? = Ph

113: R' = Mes, RZ = Ph
114: R' = Xyl, R2= Ph
115: R' = 1-Naph, RZ = Ph

H;C\@/CH:, 6 H;@é/cm
CHy

R = Mes R=Cy R =Xyl

118: R' = Mes, R2=Ph
119: R' = Xyl, R2=Ph
120: R' = 1-Naph, R? = Ph

Scheme 13. Acridinium-based organic PCs.
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R2 N R? HaCO N OCH,
4 e

Scheme 15. Decarboxylative conjugate addition of Cbz-proline to dimethyl
maleate.

Novel imide-acridinium-based PCs bearing an imide group
as the C9-substituent were synthesized by Aleman, Mancheno,
and co-workers through oxidative Ugi-type reaction of C9-un-
substituted acridanes with isocyanide and benzoyl peroxide,
followed by aromatization (Scheme 16a).8%) Compared to 98,
the optimized 107 and 108 turned out to be both more power-
ful oxidant and reductant in their excited state, so outper-
formed 98 in dehydrogenative lactonization of 2-phenyl-
benzoic acid and reduction of bromo-ketone derivatives, re-
spectively.

Acridiniums can also be synthesized through direct conver-
sion of the corresponding xanthylium salt, as reported by
Nicewicz and co-workers.®”! Xanthylium salt was prepared from
double directed ortho-metalation (DoM) with lithium of biaryl
ether, followed by the coupling of esters (Scheme 16b), which
therefore rendered a facile and scalable method to separately
modulate the acridinium core, C9- and N-substituents. Investi-
gation of photophysical properties of 15 molecules suggested
the authors inhibit the formation of the CT state and suppress
C-C or C-N bond rotation and thus nonradiative decay for ex-
tension of the excited-state lifetime. The optimized 109 exhib-
ited fluorescence lifetime exceeding 25 ns.

Wenger, Sparr, and co-workers reported novel amino- and
methoxyacridinium-based PCs (111-122),%8 guided by 110

6037 © 2020 Wiley-VCH GmbH
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(@) 0g_Ph
oxidative Ugi reaction O, N. 3
R*-NC
R‘ benzoyl peroxide R‘ @ Ph;CCIO,
—_—
N N ﬁ
R? R2 R?
R2
SN ST, ORI e
2. R?—C02CH3 o
(c) R} OCH,
N OCH; 2. R%-CO,CH, i
X R RZ

Scheme 16. Schematic representation of approaches for modular synthesis
of acridinium-based organic PCs.

which do not possess CT character in the excited state due to
the introduction of dimethylamino group in contrast to com-
mon acridinium PCs. X-M (halogen-metal) exchange combined
with DoM from di- or triarylamines and esters as readily accessi-
ble starting materials was proposed for the modular synthesis
of PCs in moderate-to-high yield (Scheme 16c). Photophysical
and electrochemical properties were in a broad range that was
influenced by the presence and location of dimethylamino or
methoxy substituents.

Likewise, divergent synthesis of acridinium-based organic
PCs has been achieved regarding various ways of disconnec-
tion. Given the synthetic ease and functional group tolerance,
it is expected to easily expand the PC library which would be
beneficial for understanding the photophysical characteristics.
The recent development in modular synthesis of aminoacridini-
ums with their applications and catalytic parameters are well
summarized by Sparr and co-workers.[8

3.8. Porphyrins

Zawada, Kadish, Gryko, and co-workers pioneered the use of
the free base tetraphenylporphyrin 123 (Scheme 17) as an or-
ganic PC in the a-alkylation of aldehydes with diazo esters in
the presence of a secondary amine through a reductive
quenching mechanism (Scheme 18).1°% The substituents on the
macrocycle (123-132) affected the electronic nature thus the
redox potentials, but a direct correlation with the reaction yield
could not be determined because of their different solubility in
the media.

123 was able to catalyze the direct C-H arylation of hetero-
arenes through an oxidative quenching mechanism.°" A model
reaction of furan and diazonium salt with various porphyrins
(123-125, 128, 132, and 133) as well as Stern-Volmer experi-
ments showed that 124, whose excited state was quenched by
the diazonium salt with an optimal quenching rate and E,,”,
was the best catalyst. At 1 mol% loading of 124, the arylation
of furan with an electron-acceptor-substituted diazonium salts
or the arylation of thiophene and coumarin was also effective
(Scheme 19). However, pyrrole derivatives were not suitable
substrates likely because of the reduction of 124 by them com-
peting with the oxidation of 124 by the diazonium salts to
enter the catalytic cycle.

Eur. J. Org. Chem. 2020, 6028-6043
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RZ R' R2
R2 R2
R’ R!
R2 R2
R? R' R?
123:R'=R?=R®=R*=R°=H 129: R' = CgHyg, RZ=H
130: R' = H, R2 = C,H;

124:R'=R2=R¥=R!=R5=F
125:R'= R2= R*= RS = H, R® = CO,CH,
126:R'=R2=R*=RS=H,R3=CH,
127:R2=R*=H,R'=R3=R5=CH,
128:R'=R?=R*=R° = H, R® = OCH,
133:R'= R2= R4 = RS = H, R® = N(C,Hs)s

7

131: R = CO,H
132: R = CO,C,H;

Scheme 17. Porphyrin-based organic PCs.

PC 123 (1.0 mol%)
morpholine (0.4 equiv)

. LiBF,, (20 mol%) R cHo
A + N7 COR? t
R CHO DMSO/buffer (9:1), 39 °C .
hite LED COR
(1.0 equiv) (1.0 equiv) white
Scheme 18. a-Alkylation of aldehydes with diazo esters.
N;*BF 4
0.0
lf'{ \B or + | s
R! = A
R"= 0 (10 equiv) R2
R"=§ (5.0 equiv)
R"=N (2.0 equiv) (5.0 equiv) (1.0 equiv)
0.0
PC 124 (1.0 mol%) i
RT TLRZ  or A
DMSO, r.t. ¥ | g2
455 nm LED =

Scheme 19. Direct C-H arylation of heteroarenes.

Meanwhile, strong absorption in the far-red light region
(700-765 nm) arose in 134 through the reduction of 123 and
thus allowed the controlled PET-RAFT polymerization of MMA,
glycidyl methacrylate, and BA under irradiation at 740 nm.!?
The reaction was not hindered when either the reaction vessel
or the surface of the light source was covered by animal skin
with a thickness up to 7 mm. Such a unique absorption profile
scarcely seen for organic PCs may facilitate biomedical applica-
tions since far-red and near-infrared light can penetrate soft
tissue while eliminating safety concerns.

© 2020 Wiley-VCH GmbH
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3.9. Naphthochromenes

In the very recent work by Dell'’Amico and co-workers, naphtho-
chromenones was represented as a new class of organic PCs.[3
The scaffold was derived from the light-driven [4+2] cycloaddi-
tion reaction between benzophenone and coumarin and post-
functionalization provided 12 candidates (Scheme 20, 135-
146). An extremely wide redox window up to 3.22 eV, but well-
distributed potentials allowed them to engage in both oxid-
ative and reductive quenching pathways. The developed PCs
successfully catalyzed a variety of challenging reactions which
have been furnished by only specific PCs or previously inaccess-
ible at all: for reductive quenching: (i) Povarov-type addition of
N,N-dimethylaniline bearing electron-withdrawing group (E,,° =
1.05-1.33 V) to phenylmaleimide (Scheme 21), (ii) decarboxyl-
ative Giese-type addition between proline and dimethyl male-
ate, and (iii) light-driven acylation reaction of methyl crotonate,
which involves the oxidation of acylsilane (E,° = 1.46 V), for
oxidative quenching: (i) dehalogenation reactions of diverse
benzyl halides and (ii) dehalogenation of methyl 4-iodobenzo-
ate (Freq® = -1.96 V).

R' ©

906
.

135: R'=Ph,R?=H 136
137:R'=R?=H

138: R' = Ph, R? = Br

139:R" = Ph, R? = OTf

140: R" = Ph, R? = OCH;,4

141:R" = Ph, R? = OH

142: R=TMS
143: R=Ph

145: R = OCH;,
146: R=Cz

Scheme 20. Naphthochromene-based organic PCs.

o]
HaC.,-CHs o ) HiC.,,
PC (3.0 mol%) NPh
+ | NP ————————>
ACN, r.t. o)
R1 (o] 400 nm LED
R

(2.0 equiv) (1.0 equiv)
Scheme 21. Povarov-type addition of N,N-dimethylaniline to phenylmale-
imide.
3.10. Others

3.10.1. Borane-Based

You, Cho, and co-workers utilized tri(9-anthryl)borane
(Scheme 22, 147) for the trifluoromethylation of unactivated

Eur. J. Org. Chem. 2020, 6028-6043
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alkenes through an oxidative quenching pathway.”* 147 origi-
nally developed for OLEDs™! was exploited as an organic PC
for the first time. 0.5 mol% of 147 relative to 1-dodecene in the
presence of an amine base yielded the E-selective product us-
ing CF3l as a trifluoromethylating agent. Substrates with a vari-
ety of functional groups from ester, aryl halide (Br, Cl), amide,
unprotected alcohol, lactam, silyl ether, sulfonates, to N-hetero-
cycle (pyrrole and indole) were tolerated under mild reaction
conditions (no heating, irradiation at 480 nm). Per-
fluoroalkylation with CsF;l or C4Fgl was also possible. The suc-
cessful employment of 147 suggested the potential of borane-
based organic PCs in other photocatalytic transformations.

N coslNage

150

O B O ~N IN/)\N/)\N/ N E
O O‘ N‘)ji Nj":jl ©:N’Imjij
7

z
Y=z
4
)z
z
-
&

=N N \
)\NJ\ A AL 2 Al 155 R
‘ 156: R = C,H,
148 157:R=Ph
158: R = PMP (p-OMeC¢H;)
159: R = p-CF,CeHs

153

Scheme 22. Miscellaneous organic PCs.

3.10.2. Graphitic Carbon Nitride

(Mesoporous) Graphitic carbon nitride ((mpg) g-CsN,) (148) is
a metal-free, heterogeneous polymeric semiconductor, which
has been widely used in solar energy conversion or water split-
ting. Recently, it has also gained interest as a PC to be applied
to free radical polymerization (visible-light photoinitiator),!*®
PET-RAFT polymerization of acrylate and acrylamide®”’ or
MMA,®8 and the bifunctionalization of (hetero)arenes.[*?!
g-C3N, is heterogeneous in bulk so can be easily separated via
simple centrifugation or filtration and reused. It can be trans-
formed into nanosized sheet to afford a homogeneous system
as well. There is still much room for development on structure-
performance relationship (e.g. morphology and pore volume/
size).

3.10.3. Polynuclear Aromatic Hydrocarbons

Yagci and co-workers demonstrated the metal-free ATRP of
(meth)acrylates and vinyl monomers using anthracene (149)

© 2020 Wiley-VCH GmbH
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and pyrene (150).°7 Anthracene, in any concentration, re-
sulted in PMMA in low yields and with dispersities around 1.5
in multimodal nature. Especially at high concentrations, the sin-
glet excited state of anthracene underwent [4+4] cycloaddition
with another molecule in the ground state rather than activat-
ing the alkyl halide initiator. Anthracene radicals were consid-
ered to be not as stable so that some polymers were grafted
through the anthracene rings. On the other hand, pyrene
formed excimers in the same way as anthracene, which are still
prone to electron transfer with alkyl halides thus allowing the
controlled polymerization.

3.10.4. Thienothiophenes

The same research group reported that metal-free ATRP could
also be successfully catalyzed by electron-rich thienothio-
phenes (151-154).['01]

3.10.5. Others

A series of highly reducing PCs with strong visible-light absorp-
tion was developed by Xu and co-workers, starting from the
modification of 10-phenylphenothiazine.l'®? Subsequent struc-
tural modifications (e.g. extension of the conjugation, changing
the scaffold from phenothiazine to phenazine or changing the
N-substituent) finally resulted in both strongly reductive and
(lower energy) visible-light-absorbing organic PCs (155-159).
As expected, the developed PCs effectively catalyzed the chal-
lenging reactions including the activation of C-Br and C-Cl
bonds at room temperature (by 155), 1,5-H transfer reaction of
aryl iodide (by 157) (Scheme 23), the generation of acyl radical
precursors from aroryl chlorides, and phosphorus radical-medi-
ated cascade cyclization reaction of 1,6-diyne used to construct
organophosphorus fluorene derivatives (by 158) (Scheme 24).

CN R
R R NC CN
R R R R
R R
161: R=Cz 163: R=Cz 166: R=Cz
162: R=TCz 164 R=TCz 167:R=TCz
165: R=DP 168: R=DP
169: R = PXZ
170: R=PTZ

“fz\>—@
iog

186: R=TCz
: o

sae

R=Cz R=TCz R=

187: R=TCz

nAn

PC 157 (1.0 mol%)

I
@ a PrNEt (5.0 equiv)
N
éf\i\/\ DMF, 25 °C o
. blue LED N
(1.0 equiv) CHy

Scheme 23. 1,5-H transfer reaction of aryl iodide.

PC 158 (1.0 mol%) Ph \
160 (2.0 equiv) |
—=—Ph ) KHCO, (1.5 equiv) /i O NZ™ PFs
R! * P / Q !
=—pFh RHFR DMF, 25 °C R OFt
(1.0 equiv) (2.0 equiv) blue LED TR 160

Scheme 24. Phosphorus radical-mediated cascade cyclization reaction of
1,6-diyne.

3.11. Design Strategy to Discover New Organic PCs:
toward General Guidelines

In the previous sections, the molecules newly developed or ap-
plied as organic PCs in recent years were described according
to their core scaffold. Herein, a rather systematic approach to
prepare a series of PCs or strategies to enhance photocatalytic
reactivity is introduced.

Our group recently proposed a general strategy or system-
atic platform for the design of organic PCs in collaborative work
with Kim, Gierschner, and co-workers.!'”! Strongly twisted D-A
structures were introduced as a general scaffold, which in
theory is capable of affording a large number of candidates
through a combination of different donors and acceptors. The
CT characteristics of the lowest excited states promote the gen-
eration of long-lived T, and allow the systematic control of the

0

o o, i -
v
0O L M
R \
R R
R R & /@»)\N)@
R

171:R=Cz 175:R=Cz 180:R=Cz
182: R=TCz 176: R=TCz 181: R=TCz
173: R=DP 177:R=DP 182: R=DP
174: R=PXZ 178: R=PXZ 183: R=PXZ
179: R=PTZ 184: R=PTZ
185: R = DMDP
4 \N NC CN
N\ /N N\ /N
R R R R
188: R=TCz 189:R=TCz 190: R=TCz
A A A
” SOOI H S|
o) S HsCO OCH,
R=PXZ R=PTZ R = DMDP

Scheme 25. Organic PCs developed via molecular platform of strongly twisted D-A group.
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essential catalyst parameters over a broad range. Out of 30 mo-
lecules constructed from six donors and eleven acceptors
(Scheme 25, 161-190), nine molecules were excluded due to
no absorption overlap with irradiation source (166, 171-173,
186, and 187) or insolubility to reaction media (175, 176, and
179) and the rest molecules were employed for O-ATRP. Not all
candidates showed good performance due to limited visible-
light absorption (170, 180, and 184), inefficient triplet genera-
tion (169, 177, 178, and 183), and insufficient reducing power
(177, 178, and 188-190), but PCs with high reducing power in
the excited state, in particular, were discovered for the success-
ful O-ATRP of MMA at ultra-low catalyst loadings (165) and of
non-acrylic monomers, such as styrene, under very mild condi-
tion. It should be noted that other known PCs were also pro-
posed, implying the versatility of our strategy.

Some of the developed PCs (161, 165, 168, and 185) were
selected based on ground-/excited-state redox potentials and
triplet excited-state energy and used for the PET-RAFT polymer-
ization of MMA in our work.** 165 (4DP-IPN) outperformed
other PCs, i.e. excellent control over the polymerizations at a
ca. 5-50 times lower catalyst loading. In-depth experimental
and computational investigations of 165 revealed that the out-
standing performance over the other PCs was attributed to (i)
strong visible-light absorption and (ii) the efficient generation
of long-lived triplet excited states due to the strong intramolec-
ular CT character of S;. The @5 was measured to be 0.82 and
0.77 by time-resolved photoluminescence and transient absorp-
tion measurements, respectively.

Increasing the intramolecular CT character or ®sc has been
served as the strategy to broaden the redox window of organic
PCs, but harnessing visible-light (ca. 1.8-3.1 eV) intrinsically has
a limited window and it is difficult to fully utilize the absorbed
light energy without any loss for chemical transformation. In-
stead, the recently proposed consecutive PET (con-PET) or mul-
tiphoton strategy can be a solution. Con-PET or consecutive
excitation of the reaction intermediate, which is generated in
situ following the first excitation of the PC, accumulates the
energy of two photons. Firstly inspired by biological photosyn-
thesis and proposed by Konig and co-workers, con-PET of
perylene diimides (PDI) 191 enabled the reduction of aryl hal-
ides (Scheme 26)."”! Nicewicz and co-workers reported the con-
PET of acridinium salt 102 for the reduction of aryl halides
(Scheme 27) and the reductive detosylation of amines.!'® The
strong reducing power was attributed to the twisted intra-
molecular CT (TICT) state of the neutral acridine radical 192,
which underwent a second excitation. Therefore, con-PET is a
useful strategy, but the need for sacrificial electron donors to
quench the firstly excited PC and that the resulting intermedi-
ate species have to be colored and sufficiently stable to be re-
excited make it difficult to be widely applied. Synthetic photo-
electrochemistry, e.g. which was very recently summarized by
Konig and co-workers, works in a similar manner while electrical
energy provides any additional energy.l'%3-1%! There is no need
of sacrificial electron donors and the energy level can be ad-
justed by that of the applied potential in the reaction system.
Lastly, a multi-photon strategy reported by Wenger and co-
workers including multi (two or more)-photon processes such

Eur. J. Org. Chem. 2020, 6028-6043 www.eurjoc.org
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as the aforementioned con-PET or triplet-triplet annihilation
(TTA) up-conversion has also emerged recently.?”

X PC 191 (5.0 mol%)
_ENBOew) @
DMF 40°C
R 455 nm LED
X=Cl,Br, |
(1.0 equiv) 191 (PDI)
hv
EtN+PDIT PDI-*
Et,N
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V.~ PDI }

X

Scheme 26. Reduction of aryl halides using con-PET of 191.
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iPrNEt ; Me

pPC* Ar-X Bu O *’\

N
PC

Scheme 27. Reduction of aryl halides using con-PET of 102.

4, Summary and Outlook

It has been more than 10 years since the advent of photocataly-
sis for a variety of organic reactions.['9”-11% Concerns on the
expense and toxicity of classic rare earth metal-based PCs led
current interest to seek purely organic alternatives. Traditional
organic dyes were initially adopted as itself, or structurally mod-
ified to tune the catalytic parameters to achieve better perform-
ance although the outcome was not always straightforward. In-
stead, it has been proposed that (i) a comprehensive investiga-
tion on structure—property/performance relationship or (ii)
strongly twisted D-A scaffold can be utilized for the design of
many new organic PCs via general and systematic approaches.
Not only are the structures diversified away from the common
scaffolds, but also their properties can be adjusted in a predict-
able manner. Computational chemistry approaches reduce the
time and effort by estimating some of the essential catalytic
parameters prior to synthesis, yet are not perfect given unex-
pected inferior performance due to practical issues (solubility
or photostability of molecules in the reaction system) or un-
specified factors in some cases. The latter mostly arise from an
unclear understanding of the reaction mechanism. In fact, there
still remain unresolved questions regarding the overall picture
of organic photoredox catalysis, although the detailed mecha-
nisms have been revealed for several specific systems:3%31.111]
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Which excited state, singlet or triplet, is in charge during photo-
physical processes? What is transferred from the excited-state
catalyst to the substrate, i.e. energy or electron?

However, now given the feasibility to generate a myriad of
organic PC candidates bearing well-predicted catalytic parame-
ters, it has become possible to gain a deeper understanding
of reaction mechanisms through an intensive analysis of the
outcomes from different PCs. In particular, an in-depth photo-
physical exploration of the electronic state or molecular system
on rather promising and widely applicable organic PCs such as
1/161 or 25/165 will be beneficial to revealing the underlying
fundamentals. Again, an improved understanding of the mech-
anism can help design a better photocatalytic system.

Various applications, e.g. in the field of biology, have become
realizable as well: Eosin Y-catalyzed PET-RAFT polymerization on
cell surfacel''? or switchable catalysts that can be manipulated
by external stimuli more than light through the introduction of
pH- or CO,-responsive moieties.”® These trends reflect the
need to mimic complex and dynamic living systems to improve
synthetic chemical processes or even to intervene in nature. For
upcoming relevant applications, it is worth further reducing the
potential toxicity of organic PCs by imparting biodegradability/
biocompatibility or improving their catalytic performance to
minimize the catalyst loading as low as possible to avoid any
damage. The light absorption range also needs to be expanded
because irradiation at a longer wavelength (i.e. far-red and
near-infrared light) can penetrate tissue deeper and cause lower
photocytotoxicity.?2113]

In summary, the library of organic PCs has been widened
along with the establishment of the design strategies. We ex-
pect this minireview on the design and application of organic
PCs to serve a viewpoint for researchers intending to develop
new organic PCs or utilize them for new photoredox-mediated
reactions.
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ABSTRACT: Owing to current global environmental concerns, polymers must be prepared under eco-friendly reaction conditions
based on sustainable chemistry. In this context, highly efficient photoinduced energy/electron transfer reversible addition—
fragmentation chain-transfer (PET-RAFT) polymerization under ambient/aqueous conditions without additives and/or with the aid
of sunlight is the optimal approach for producing polymers with well-defined structures. This can be accomplished with a
photocatalyst (PC) that utilizes the full spectrum of sunlight for maximum efficiency and has excellent water solubility or
dispersibility, oxygen tolerance, and biocompatibility. However, a PC with all of these features has not yet been developed. In this
study, we confirmed that this could be achieved using Ag,S nanocrystals (NCs) as photocatalysts. The sufficient reducing power of
Ag,S NCs enabled the successful aqueous PET-RAFT polymerization of numerous acrylic monomers under ambient natural sunlight
illumination without any additives. Under illumination, the small band gap of Ag,S NCs suppressed the generation of singlet oxygen,
resulting in low cytotoxicity toward three different cell lines. Finally, we demonstrated that PET-RAFT polymerization with Ag,S
NCs can be accomplished in biologically relevant media under natural sunlight illumination, indicating adequate biocompatibility
and efficacy of the system.

KEYWORDS: light-driven polymerization, controlled radical polymerization, photocatalysis, PET-RAFT, oxygen acceleration

Bl INTRODUCTION an energy and/or electron transfer source for radical
The incorporation of photochemistry into controlled radical generation, it does not require an external initiator and heat
polymerization (CRP) enables the synthesis of polymers with as an energy source to drive polymerization.”'’™"**%*! In

well-defined structures l‘g‘lder mild reaction conditions and contrast to conventional radical initiators, PCs exhibit great
spatiotemporal control. " In the past few years, numerous

photomediated CRP (photo-CRP) methods have been
proposed and studied.”™” Due to its mild reaction conditions,
oxygen tolerance, and compatibility with other polymerization This implies that the successful polymerization of a variety of
techniques, photoinduced energy/electron transfer reversible monomers under the desired reaction conditions could be
addition—fragmentation chain- transfer (PET-RAFT), which
was first reported by Boyer et al,,'” has emerged as a promising
ool ™' In contrast to conventional CRP techniques, the '
current approach allows the incorporation of photo-CRP into Rec_e“'ed: September 22, 2022
applications such as biological systems”'® and living additive Revised: D ecember 12, 2022
manufacturlng 6—19 Published: December 22, 2022
From a fundamental standpoint, the PET-RAFT method can
be regarded as an extension of the conventional RAFT
procedure. Because PET-RAFT uses a photocatalyst (PC) as

diversity in their materials and structures, making it possible to

. . . . . . 213202223
tailor their properties to a wide variety of conditions.” "~

achieved using the proper PC.
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Figure 1. (2) Synthesis of Ag,S NCs. (b) TEM image of Ag,S NCs. (c) HRTEM image of a single Ag,S NC. (d) UV—vis—NIR absorption
spectrum of Ag,S NCs (black line) and normalized emission spectrum of the excitation light sources (blue, green, and red lines). (e) Powder XRD

patterns of the as-prepared Ag,S NCs.

Table 1. Chemical Structures and Photochemical and Electrochemical Properties of (Single-Monomer-Inserted) RAFT Agents

j»\ CN S CN
H H
C12H25S SMO @SWO
7o 0 Feoo 0

and Ag,S NCs

CDTPA-MMA CPADB-MMA
entry Ely (exp., onset), V. E%; (calc.), V. Ay, (exp., onset), nm  Eg(S;) (exp., onset), eV E,q.(S;) (calc.), eV E,q,(T)) (calc.), eV
CDTPA —0.78 —0.98 524 2.37 2.13 1.85
CDTPA-MMA —1.00 519 2.39 2.11 1.82
CPADB —0.65 -0.75 597 2.08 221 1.66
CPADB—MMA —-0.73 588 2.11 2.23 1.59
entry IP (eV) EA (eV) E2. (V) E% (V) s (nm) (onset) E, (eV)
Ag,S nanocrystal (a-phase) 4.66 3.60 0.28 —0.78 1198 0.97

Recently, concerns regarding the life cycle of polymers,
including raw materials for polymer production, energy
sources, and end-of-life treatment, have been growing as a
result of current global environmental issues.”* Ideally,
polymerization, which comprises the first step in the polymer
life cycle, should be based on green chemistry and conducted
under environmentally friendly reaction conditions. In
accordance with the principles of green chemistry,”~>’ the
ideal polymerization process would be a catalytic reaction for
the quantitative conversion of monomers into polymers with
maximum atom economy and minimum waste. Furthermore,
these reactions should be conducted in an aqueous environ-
ment using a sustainable energy source. In this regard, highly
efficient PET-RAFT polymerization performed under ambient
and aqueous conditions without additives and driven by
natural sunlight is an ideal approach to prepare polymers with
well-defined structures.

PET-RAFT polymerization satisfying the aforementioned
criteria can be accomplished by utilizing a PC that (i) covers
the entire visible-light spectrum for high efficiency, (ii) has
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adequate water solubility or dispersibility, (iii) imparts oxygen
tolerance without the use of additives, and (iv) demonstrates
excellent biocompatibility under illumination. However,
developing such a PC is technically difficult, and no such
catalyst has been reported. Qiao et al,, for instance, described a
microsized rod-like PC prepared by the self-assembly of
carboxy-phenol porphyrins (i.e., SA-TCPP) for aqueous PET-
RAFT polymerization.”® Although SA-TCPP exhibited full-
spectrum absorption, water dispersity, and oxygen tolerance, it
required a large amount of a sacrificial reducing agent
(triethanolamine). Additionally, the biocompatibility of the
catalyst was not adequately tested. Several xanthene-based dyes
(e.g, Eosin Y) have also been reported as a PC for aqueous
PET-RAFT polymerization. In an aqueous environment, they
exhibited adequate catalytic activity for a variety of
monomers.”” For oxygen tolerance, however, they required
significant amounts of sacrificial reducing agents, such as
tertiary amines and ascorbic acid, and did not exhibit full-
spectrum absorption. More examples of previously reported

https://doi.org/10.1021/acscatal.2c04684
ACS Catal. 2023, 13, 665—680
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Figure 2. Results of PET-RAFT polymerizations of MMA using Ag,S NCs in the presence of (a) CDTPA and (b) CPADB in DMSO under 12 W
630 nm irradiations (ca. 20 mW/cm?). Kinetic plots for PET-RAFT polymerizations of MMA using Ag,S NCs (70 ug/mL) under N, and air with
12 W 630 nm LED illuminations: (c) In([M],/[M],) versus reaction time, (d) M, (filled) and dispersity (empty) versus conversion. (e) Results of
PET-RAFT polymerizations of various methacrylic monomers. (f) GPC traces of PMMA (black) and PMMA-b-PBzMA (blue). *Targeted degree
of polymerization is 30.

Scheme 1. Multiple Mechanistic Pathways under PET-RAFT Conditions®
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Herein, we present Ag,S nanocrystals (NCs) as full-
PC systems for PET-RAFT polymerizations that satisfy either spectrum biocompatible PCs for efficient PET-RAFT polymer-
of those requirements are summarized in Figure S1."*°7> ization in ambient and aqueous environments. The full-
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Figure 3. (a) Stepwise DET pathway with four consecutive steps. (b) Calculated free-energy profiles for the stepwise DET of CDTPA (blue) and
CPADB (red). (c) Atomic charges for three different regions (Z, S=C—S, and R; indicated with red, green, and blue, respectively) in CDTPA and

its intermediates (solid lines) and for CPADB and its intermediates (dashed
its intermediates (solid lines) and of CPADB and its intermediates (dashed
and of CPADB and its intermediates (red line).

lines). (d) C—S (red) and C=S (blue) bond lengths of CDTPA and
ines). (e) Dihedral angles of CDTPA and its intermediates (blue line)

spectrum absorption and sufficient reducing power of Ag,S
NCs enabled the additive-free aqueous PET-RAFT polymer-
ization of a variety of acrylic monomers under blue, green, red,
and natural sunlight. Even under illumination, the small band
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gap of Ag,S NCs prevented the formation of singlet oxygen,
resulting in low cytotoxicity to human cells. Confirming the
biocompatibility and efficacy of the system, we demonstrated
that PET-RAFT polymerization using Ag,S NCs could be
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Figure 4. (a) Density of states for down spin, (b) squared Kohn—Sham orbitals, (c) UV—vis spectrum for superoxide anion detection using NBT
(50 uM) and Ag,S NCs (350 pg/mL) under 515 nm irradiation (ca. 5 mw/cm?) at water. (d) UV—vis spectrum for singlet oxygen detection using
DMA (50 uM) and Ag,S NCs (350 ug/mL) under 515 nm irradiation (ca. 5 mw/cm?*) at DMSO. (e) PL spectrum for hydroxyl radical detection
using TA (50 uM) and Ag,S NCs (350 pg/mL) under 515 nm irradiation (ca. S mw/cm?) at DMSO/water (75/1: v/v). (f) Proposed mechanism

of oxygen-mediated PET-RAFT polymerization.

accomplished in biologically relevant media under natural
sunlight illumination. In addition, we discovered that the Ag,S
NC-mediated PET-RAFT polymerization was driven solely by
an electron transfer process due to its unusual electronic
structure; this resulted in unanticipated reaction patterns based
on the combination of the excitation light wavelength,
monomer, and RAFT agent and accompanied by unorthodox
“oxygen-acceleration” behavior. Experiments and quantum
chemical (QC) calculations suggested that radical anion
intermediates produced by photoinduced electron transfer
play a crucial role in the observed unusual reaction patterns

669

and oxygen-acceleration behavior. These findings contribute to
a better understanding of the electron transfer pathway of
PET-RAFT.

B RESULTS AND DISCUSSION

Design Strategy. Due to their small band gap, the majority
of PCs that absorb light in the low-energy region of the visible
spectrum exhibit low reducing power and low triplet energy,
resulting in slow electron/energy transfer between the PC and
RAFT agent and, consequently, low efliciency for PET-RAFT.
Such PCs typically have insufficient triplet energy (AE > 1.5

https://doi.org/10.1021/acscatal.2c04684
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Figure 5. (a) PET-RAFT polymerizations of MA using Ag,S NCs
(350 pg/mL) in the presence of CDTPA in DMSO at r.t. and
elevated temperature. Kinetic plots for the PET-RAFT polymerization
of MA under air using Ag,S NCs: In([M],/[M],) versus reaction time
(left) and summary of the PET-RAFT polymerizations of MA under
various excitation lights (ca. 20 mW/cm? at 12 W 630 nm, ca. 5 mW/
cm? at 6 W 515 and 455 nm) and atmospheres (right). (b) Results of
the PET-RAFT polymerizations of various acrylic monomers using
Ag,S NCs (350 pg/mL) in DMSO under 515 nm irradiation
conditions.

eV) to activate RAFT agents; however, they have sufficient
energy to generate singlet oxygen ('O,) with extremely high
cytotoxicity, which could significantly reduce biocompatibility
under light illumination. To achieve sufficient reactivity and
biocompatibility under illumination, a PC should have both
sufficiently high reducing power to activate the RAFT agent by
electron transfer [E,* (PC) < —0.8 V versus saturated calomel
electrode (SCE)] and extremely low triplet energy (AE < 1.0
eV) to prevent the production of 'O,.

Due to their near-infrared (NIR) photoluminescence (PL)
in the NIR-II spectral range (in the region of 1000—1700 nm)
and adequate biocompatibility, silver sulfide nanocrystals
(Ag,S NCs) have recently attracted considerable interest as
bioimaging probes. According to recent reports, Ag,S NCs
have remarkable potential as PCs for hydrogen production and
contaminant treatment owing to their broadband light-
harvesting properties.”” >° Particularly, Ag,S NCs are known
to have high reducing power despite their very small band
gap,””*” which could facilitate electron transfer between the
PC and RAFT agents without the need for a sacrificial
reducing agent and suppress 'O, generation, allowing for
sufficient reactivity and adequate biocompatibility. Thus, we
hypothesized that the narrow band gap, negligible toxicity, and
high water dispersibility of Ag,S NCs would make them an
ideal full-spectrum PC for efficient and environmentally
friendly PET-RAFT polymerization.

Preparation and Characterization of Ag,S NCs. We
prepared Ag,S NCs by modifying a previously reported eco-
friendly procedure (Figure 1a).**"*" As depicted in Figures 1b
and S2, the as-prepared Ag,S NCs were predominately
monodispersed and 8.74 + 0.92 nm in size. In the high-
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resolution transmission electron microscopy (TEM) image of
Figure 1lc, lattice fringes corresponding to an interplanar
distance of 2.60 A [(121) d-spacing of the monoclinic
acanthite structure, space group P21/c] can be observed,
indicating a high degree of crystallinity of the synthesized NCs.
X-ray diffraction was used to further investigate the crystalline
nature of the NCs (XRD). Consistent with the observed lattice
fringes, the Ag,S structure was identified as monoclinic
acanthite (a-phase) based on the XRD pattern (Figure le).
The broadening of the XRD peaks suggests that the samples
have a nanocrystalline morphology. The well-dispersed and
well-ordered two-dimensional arrangement of the Ag,S NCs
indicated that the capping ligands (i.e., glutathione) remained
predominantly on the surface of the crystals (Figure 1la). The
ultraviolet—visible—near-infrared (UV—vis—NIR) spectrosco-
py confirmed the colloidal stability of the Ag,S NCs and the
absence of aggregates even after 1 week in ambient aqueous
conditions. The negligible change in UV—vis—NIR spectra
after exposure to 630 nm light illuminations for an hour also
supported the high photostability of Ag,S NCs (Figure S3).
The successful synthesis of Ag,S NCs with a Ag/S atomic ratio
of 1.81:1 was also confirmed by energy-dispersive X-ray
spectroscopy (Figure S4).

The UV—vis—NIR absorption spectrum of a colloidal
solution of Ag,S NCs in dimethyl sulfoxide (DMSO) revealed
a broad, continuous absorption band throughout the entire
visible spectrum and in the NIR region (Figure 1d). The
absorption spectrum of Ag,S NC allowed us to estimate an
optical band gap of ~0.97 eV through a Tauc plot (Figure S5),
which is consistent with the previously reported optical band
gap of similarly sized Ag,S NCs.>> The presence of indirect
electronic transition in Ag,S NCs can suppress radiative
recombination within the direct band gap.’’~** Based on the
estimated band gap and reported electron affinity of the Ag,S
NCs (~3.60 eV),”" we have summarized the key parameters of
the Ag,S PC in Table 1, including the ionization potential and
ground-/excited-state oxidation potential. As anticipated, Ag,S
NCs exhibited adequate reducing power (E,* = —0.78 V
versus SCE) and a small band gap (~0.97 eV), ensuring
adequate reactivity and biocompatibility.

Ag,S NC-Mediated PET-RAFT Polymerization of
Methyl Methacrylate in DMSO under Red-Light lllumi-
nation. The broad-spectrum light absorption of Ag,S allowed
us to examine its catalytic performance during PET-RAFT
polymerization under blue-, green-, and red-light illumination.
We investigated Ag,S NC-mediated PET-RAFT polymer-
ization under red-light illumination because most previously
reported PCs exhibited the lowest activity under red-light
illumination. To compare the catalytic activity of Ag,S NCs
with those of previously reported systems, we selected the
most commonly used monomers and solvents for PET-RAFT
polymerization: methyl methacrylate (MMA) and dimethyl
sulfoxide (DMSO). Without agglomeration, the Ag,S NCs
were uniformly dispersed under polymerization conditions. As
a negative control, MMA polymerization was conducted in the
absence of a PC under the illumination of 12 W light-emitting
diodes (LEDs) emitting at 630 nm (irradiance of ~20 mW/
cm?) in a nitrogen (N,) atmosphere. There was no
polymerization even after 48 h of continuous illumination in
the absence of Ag,S NCs. This indicates that, under the
selected reaction conditions, the RAFT agents did not produce
radicals (i.e, CDTPA and CPADB, see Figure 2a,b for the
structure of the RAFT agents). In actuality, CDTPA and
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Figure 6. (a) Stepwise DET pathway with four consecutive steps. (b) Calculated free-energy profiles for the stepwise DET of CDOTPA—MMA

(blue) and CDTPA—MA (red).

CPADB do not absorb light at wavelengths > 600 nm (Figure
S6) and therefore cannot function as iniferters under such
illumination. Previous research has demonstrated the success-
ful light-driven polymerization of various (meth)acrylic
monomers under UV, blue, and green LED illumination
even in the absence of a PC.*™%

Figure 2a summarize the outcomes of PET-RAFT of MMA
performed with Ag,S NCs as the PC and CDTPA as the RAFT
agent. MMA polymerization in the presence of CDTPA under
degassed conditions led to excellent control over the
polymerization reaction evidenced by a narrow dispersity (D
= 1.08) and high conversion (@) of 76%; this result was highly
reproducible and reliable (Table S1). The number average
molecular weight (M,) of poly(methyl methacrylate)
(PMMA) was also well-controlled between 5.6 and 93 kg/
mol, with narrow molecular weight distribution (P < 1.20) and
favorable conversion. Polymerization kinetics was monitored
by 'H NMR and gel-permeation chromatography (GPC)
under 12 W 630 nm illumination conditions (black squares in
Figure 2c,d). The living nature of the polymerization process is
supported by the linear relationship between the monomer
conversion and exposure time and between M, and conversion.
In addition, after 30 h of polymerization, the distinct chemical
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shifts of the trithiocarbonate functional group observed by 'H
NMR at 3.20—3.30 ppm and the absence of byproducts or side
products confirm the high end-group fidelities of the polymers
(Figure S7). Matrix-assisted laser desorption ionization time-
of-flight (MALDI-TOF) analysis of the purified PMMA
product confirmed the high end-group retention, and GPC
recorded by refractive index (RI), light scattering (LS), and
UV at 235 and 310 nm were precisely superimposed (Figure
S8b—d). To confirm that Ag,S NCs retained their catalytic
performance following polymerization, in situ one-pot chain
extension was conducted by sequentially adding a new MMA
monomer. As depicted in Figure S8e, the successful chain
extension experiment resulted in the production of a block
copolymer in a single pot, indicating that the catalytic activity
of Ag,S NCs was maintained even after polymerization was
complete. In addition, “ON/OFF” light experiments confirmed
that the polymerization reaction can be controlled temporally
(Figure S9). Polymerizations of a variety of methacrylic and
methacrylamide monomers were also successful, confirming
the excellent catalytic performance of Ag,S NCs under low-
energy light illumination (Figure 2e). Using CPADB, we also
performed PET-RAFT polymerization of MMA (Figure 2b).
Even after 24 h of continuous illumination, polymerization did
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Figure 7. (a) Results of PET-RAFT polymerizations of MMA using Ag,S NCs (70 pg/mL) in the presence of CETCPA in DI water under 12 W
630 nm irradiations (ca. 20 mW/cm?). (b, ) Kinetic plots for PET-RAFT polymerizations of MMA using Ag,S NCs (70 ug/mL) under N, and air
with 12 W 630 nm LED illuminations. In([M],/[M],) versus reaction time (b), M, (filled) and dispersity (empty) versus conversion (c). (d)
Results of aqueous PET-RAFT polymerizations of various methacrylic monomers. (e) GPC traces of POEGMA (black) and POEGMA-b-PHPMA

(blue). *Targeted degree of polymerization is 30.
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Figure 8. (a) PET-RAFT polymerizations of AA using Ag,S NCs
(350 pg/mL) in the presence of CETCPA in DI-water. Kinetic plots
for PET-RAFT polymerization of AA under air using Ag,S NCs under
6 W 515 nm LED irradiation conditions: In([M]o/[M],) versus the
reaction time (left) and summary of the PET-RAFT polymerizations
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Results of the PET-RAFT polymerizations of various acrylic
monomers using Ag,S NCs (350 pg/mL) in DI-water under S1$§
nm irradiation conditions.

not occur, as confirmed by the lack of changes in the '"H NMR
spectra after polymerization (Figure S10). This result was
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unexpected because, as shown in Table 1, CPADB is predicted
to be more oxidizing than CDTPA based on their ground-state
reduction potentials.

To investigate the oxygen tolerance of the system, MMA
polymerization was conducted under optimized conditions
without degassing (Figure 2a). Unexpectedly, the polymer-
ization resulted in a higher conversion of 94% with excellent
control (D = 1.08) compared to the conversion attained under
inert conditions (@ = 76%). This result differs from the
generally observed oxygen tolerance behavior during PET-
RAFT polymerization.”” Compared to those observed with
polymerization under inert conditions, the kinetics experiment
without degassing revealed a shorter inhibition period and a
higher apparent rate constant of propagation (kp,app) denoted
by the blue squares in Figure 2¢,d. These findings indicate that
the PET-RAFT activation step was accelerated in the presence
of oxygen (Scheme 1la). This “oxygen-acceleration” behavior
was also observed for other types of methacrylic monomers;
however, oligo(ethylene glycol) methyl ether methacrylate
(OEGMA) exhibited it most notably, as depicted in Figure 2e.
It is worth noting that “oxygen-acceleration” behavior was
recently reported by Boyer et al. and Kwon et al.*””° Without
degassing and with excellent conversion and polymerization
control (@ = 97%, M, = 28 600, D = 1.08), block copolymer
synthesis (PMMA-b-PBzMA) was accomplished, confirming
the high vitality of the reaction under those conditions (Figure
2f).

Mechanism of Ag,S NC-Mediated PET-RAFT Polymer-
ization under Red-Light Illumination. Before expanding
our investigation to aqueous conditions, illumination at
different wavelengths, and use of different monomers, we
conducted mechanistic studies to comprehend the origin of the
unconventional RAFT agent selectivity of Ag,S NCs and
“oxygen-acceleration” behavior.
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Figure 9. (a) Natural sunlight-driven PET-RAFT polymerization using Ag,S NCs (350 pg/mL). (b) Cell viability assay of NIH 3T3 cells incubated
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RAFT polymerization of OEGA using Ag,S NCs in the cell culture media. *Target degree of polymerization is 30.

On the basis of an unambiguous mechanistic understanding
of the PET-RAFT process, these phenomena can be
understood. Nevertheless, despite recent intensive research
on PET-RAFT,"'>'*”! the reaction mechanism remains unclear
because it can involve multiple competing pathways, making
investigations fundamentally challenging.'”’*”> As depicted in
Scheme 1la, one such pathway involves the transfer of electrons
from an excited-state catalyst to a ground-state RAFT agent,
resulting in the formation of an anionic intermediate, which
then undergoes fragmentation to provide a propagating radical
and anionic thiocarbonylthio (TCT) group. Photoinduced
energy transfer is an alternative pathway wherein energy is
transferred from an excited-state catalyst to a RAFT agent to
excite the latter to an electronically excited state (Scheme 1b);
Dexter energy transfer is considered to be of predominant
relevance in this case.”* Through the homolytic C—S bond
cleavage of the resulting intermediate, active, propagating
radicals are then produced. Direct photolysis of the RAFT
agent can also occur under PET-RAFT conditions. The direct
visible-light absorption by the RAFT agent, attributed to the n
— 7% transition of the TCT moiety,65 excites the agent to an
excited state, which is followed by homolysis of the C—S bond
to produce an active propagating radical (Figure S11).

As the RAFT agents, responsible for both initiation and
chain-transfer processes, have relatively high oxidizing powers
(and thereby less negative ground-state reduction potentials,
—0.8 V< Eg < —0.4 V), low triplet energies (1.5 eV < Egy(T;)
< 1.8 V), and visible-light absorption (400 nm < Ay, <600
nm) (see Table 1), most visible-light-absorbing PCs can
induce polymerization through all of the aforementioned
pathways, which considerably limits the understanding of the
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precise mechanism, even for systems using well-known
photocatalysts such as Ir(ppy); and Ru(bpy),, as recently
reported by Boyer and Allonas’"’® and Konkolewicz,”®
respectively; the ground-state reduction potentials, triplet
energies, and absorption onsets of the selected RAFT agents
and their single-monomer insertion adducts (i.e, CDTPA—
MMA and CPADB—MMA, as described in Table 1) were
evaluated either experimentally or computationally based on
(time-dependent) density functional theory, (TD)DFT, as
shown in Table 1. Fortunately, based on the photophysical and
electrochemical properties of Ag,S NCs shown in Table 1 and
the excitation source of the 635 nm LED, the electron transfer
pathway can be the only possible mechanistic pathway of PET-
RAFT polymerization performed under our experimental
conditions, allowing detailed studies on the unusual behaviors
mentioned above.

As depicted in Figure 3a, it is assumed that the activation
step of the electron transfer pathway of PET-RAFT involves
stepwise dissociative electron transfer (DET).”” In this
instance, the electron transfer between the excited PC and
the RAFT agent (S=(Z)CS—R) results in the formation of a
radical anionic intermediate (S=(Z)CS—R®"), which pro-
ceeds via C—S bond cleavage to yield a propagating radical
(R®) and an anionic TCT moiety (S=(Z)CS™). To confirm
this, the transfer coefficients () of CDTPA and CPADB were
calculated using the difference between the peak potential (E,)
and the half-peak potential (E,,), as determined by cyclic
voltammetry (Figure S6). The resulting values (Bcprpa = 0.34
and Pepaps = 0.63) are close to 0.5, and indicate that the
RAFT agents react through stepwise DET and not concerted
DET. In fact, the authors of a recent report by Moad et al.’®
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also claimed that CDTPA and CPADB undergo stepwise
reductive cleavage, although the reported transfer coefficients
differed from our findings (fcprpa = 0.58 and fcpaps = 0.66).
Thus, we hypothesized that our counterintuitive observations
were associated with the bond-dissociation process of the
radical anion intermediate and not the initial electron transfer
between the PC and the RAFT agent.

Origin of Different Reaction Patterns between PC
and a RAFT Agent. We used QC modeling to better
understand the cause of this peculiar RAFT agent selectivity
(Figure 3). In the Supporting Information, the computational
details are described. As depicted in Figure 3a, we divided the
DET pathway into four consecutive steps: (i) photoinduced
electron transfer from the catalyst to the RAFT agent (State A
— State B), (ii) relaxation of the radical ion intermediate
(State B — State C), (iii) C—S bond elongation to reach the
transition state (State C — State D), and (iv) complete C—S
bond cleavage (State D — State E). Thereafter, we recorded
the free-energy profiles, shown in Figure 3b, along the reaction
pathway. Intriguingly, the activation energies for the C—S bond
dissociation of the relaxed radical anion (i.e., the energy
difference between State C and State D) were determined to
be 21.9 and 45.5 kJ/mol for CDTPA and CPADB, respectively,
indicating that the C—S bond dissociation of the radical anion
intermediate may be crucial for the observed RAFT agent
selectivity of Ag,S.

Figure 3c—e depicts the charge and structural analysis of all
intermediates conducted to determine the cause of the higher
energetic barrier for CPADB. The charge distribution of three
distinct regions (i.e., Z, S=C-S, and R) of RAFT agents was
evaluated. As shown in Figure 3¢, the analysis demonstrates
that, for both CDTPA and CPADB, the delivered electron
prefers the S==C—S moiety over the Z group. Moreover, more
charges are incurred in CDTPA than in CPADB. The bond-
length analysis provided additional insight into the structural
modifications occurring during dissociation (Figures 3d, S12,
and S13). The C=S bond length was significantly longer in
the relaxed radical anion intermediate formed by electron
transfer from the catalyst than in the neutral RAFT agent. In
addition, almost identical changes in the C=S bond length
were observed for CDTPA and CPADB, indicating that both
radical anion intermediates underwent almost identical levels
of C=S bond cleavage.

The changes in the C—S bond length of the S=C—S§ moiety
were then evaluated for both CDTPA and CPADB. A shorter
C—S bond is anticipated in radical anion intermediates due to
the resonance form of S=C-—S with an additional electron.
Although CDTPA followed this usual pattern, CPADB
exhibited the opposite trend (Figure 3d). This is because, in
CPADB, electron delocalization occurs at the benzene ring and
C=S moiety rather than S=C-S, as the benzene ring and
S=C-S are in the same plane (Figure 3e). This argument was
also supported by the decrease in the C—Z bond length of the
CPADB radical anion intermediate (Figure S14). In contrast,
the delivered electrons in CDTPA are localized at S=C-S. In
the transition state of both CDTPA and CPADB, the delivered
electrons were located at S=C—S. As depicted in Figure 3e,
the phenyl ring of CPADB began to rotate during bond
dissociation, preventing the delocalization of electrons in the
transition state. Figure S15 demonstrates that similar results
were obtained from calculations for single-monomer-inserted
CDTPA and CPADB (e.g, CDTPA—MMA and CPADB-
MMA, respectively).
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On the basis of our charge and structure analysis, we can
hypothesize that the higher activation energy of (single-
monomer-inserted) CPADB is due to the unique stability of
the radical anion intermediate, which originates from the
strong electron delocalization.”” According to a recent report
by Coelho et al,”” DET-RAFT of MMA in the presence of
CPADB was successful at 30 °C (a = 39% and D = 1.09),
which does not correspond with our findings. The most likely
cause is the excessive use of reducing agents (i.e., Na,S,0,) in
the aforementioned study, which led to a significant increase in
the radical anion intermediate concentration and, conse-
quently, in the number of radical species propagating.

Origin of the “Oxygen-Acceleration” Behavior. The
“oxygen-acceleration” behavior of the Ag,S NCs system was
then investigated. Normal oxygen tolerance in PET-RAFT
polymerization is accompanied by rate retardation and an
increased inhibition period, suggesting a “pre-deoxygenation”
mechanism. According to previous studies, reactive oxygen
species (ROS) are initially generated by the PC via type I and/
or type Il mechanisms.** Subsequently, ROS are consumed by
the oxidation of DMSO to dimethyl sulfone, which
significantly reduces the concentration of dissolved oxygen in
the reaction medium, thereby facilitating oxygen tolerance. In
contrast to the normal oxygen tolerance behavior, Boyer et al.
reported an oxygen-mediated reductive quenching process
during PET-RAFT polymerization, where the polymerization
rate was considerably enhanced in the presence of both oxygen
and sacrificial reducing agents (e.g., tertiary amines) under red-
NIR illumination.”” Kwon et al. reported the “oxygen-
acceleration” phenomenon during the PET-RAFT polymer-
ization of different acrylic and acrylamide monomers in the
absence of sacrificial reducing agents and the presence of the
newly designed PC.”” Both studies indicated that oxygen acts
as a catalyst to facilitate the electron transfer between the PC
in the excited state and the RAFT agent (Figure 4f). These
recent studies and our kinetics experiments (Figure 2c) led us
to hypothesize that molecular oxygen acts as an electron
shuttle to speed up the activation step during PET-RAFT
polymerization (Figure 4f).

Using the redox potentials of oxygen, RAFT agents, and
Ag,S NCs, we investigated the thermodynamic viability of our
hypothesis. The oxygen ground-state reduction potential (E;)
was measured to be ~—0.70 V versus SCE (at a normal
ambient oxygen concentration of 20.9% v/v, Figure S6). This
potential is greater than both the ground-state reduction
potential of CDTPA (EL,4 = —0.78 V, Table 1) and the excited-
state oxidation potential of Ag,S NCs (E,* = —0.78 V, Table
1). These results indicate that the catalytic behavior of
molecular oxygen is thermodynamically favorable. We
performed DFT calculations to gain a deeper comprehension
of the photoinduced electron transfer from Ag,S NCs to
molecular oxygen (Figures 4a,b and S16). We assumed that the
oxygen molecule is adsorbed on the Ag,S surface, where two
spin-up electrons occupy the #* orbitals of the oxygen
molecule to describe the ground-state configuration. Density
of states (DOS) and orbital densities (squared Kohn—Sham
orbitals) for spin-down electrons are depicted in Figure 4a,b,
respectively. The valence band maximum (VBM) indicates
that a small number of densities are distributed to molecular
oxygen, whereas the oxygen molecule does not contribute to
the conduction band (Figure 4a). In the ground state, the
highest occupied molecular orbital (HOMO) exhibited
delocalized electron densities over the Ag,S NC and the
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oxygen molecule. The lowest unoccupied molecular orbital
(LUMO) representing the conduction band minimum (CBM)
of the Ag,S NC was located primarily at the Ag,S NC (Figure
4b). The two peaks at ~0.3 eV correspond to the 7* orbitals of
the oxygen molecule, indicating that these orbitals are located
between VBM and CBM. Therefore, the 7* orbitals of the
oxygen molecule become energetically accessible when
illuminated at 630 nm (1.97 V). Based on the results of our
QC calculations, we hypothesize that the photoinduced
electron transfer from Ag,S NC to oxygen occurs in three
steps: (i) Ag,S NC is excited by absorbing light with a
wavelength of 630 nm, (ii) the excited electron is relaxed to
CBM, and (iii) the electron in CBM of Ag,S is transferred to
one of the two empty 7* orbitals of the O, molecule (Figure
S16).

To verify our hypothesis, a nitroblue tetrazolium chloride
(NBT) assay was conducted to measure the production of
superoxide radical anions (O,*”), which play a crucial role in
our proposed mechanism. In this assay, the tetrazolium dimer
is converted by O,° to bluish-purple-colored formazan (see
Figures 4c and S17). After a few minutes of green (or red)
LED illumination, the aqueous solution of Ag,S NCs (350 ug/
mL) and NBT (50 M) changed the color from pale yellow to
bluish purple. The UV-vis absorbance spectrum of the
solution was recorded as a function of illumination time.
The spectral shift corresponded to the color shift observed
with the naked eye. A decrease in the absorption peak at 265
nm indicated the decomposition of the dimer, while the
emergence of a new absorption peak at 490 nm indicated the
formation of formazan. Additional control experiments in the
absence of Ag,S NCs revealed no color change in the solution
under green (or red) LED illumination (Figure S18). Similarly,
the UV—vis spectrum of the NBT solution did not change over
time. The UV—vis spectrum of the Ag,S NCs/NBT aqueous
solution did not change with time in the absence of light,
indicating that both the presence of Ag,S NCs and
illumination play crucial roles in the production of superoxide
radical anions. To further verify the role of superoxide anions,
we carried out polymerization of MMA with KO, as a
superoxide anion source; since the solubility of KO, was not
very good at DMSO, the polymerization proceeded in rather
heterogeneous environments. Very interestingly, substantial
conversions of ~40% were obtained in 24 h. The obtained
polymers showed a molecular weight similar to the
theoretically expected molecular weight and also substantially
low dispersity, implying that the electron transfer between KO,
and CDTPA might initiate the polymerization reaction (Figure
S19).

While it has been confirmed that O,°” is produced under the
reaction conditions, other ROS, such as singlet oxygen and
hydroxyl radicals, were not formed (Figure 4d,e). The
generation of hydroxyl radicals was examined using tereph-
thalic acid (TA), which selectively reacts with hydroxyl radicals
by forming 2-hydroxyterephthalic acid that exhibits a strong
fluorescence peak at 425 nm (Figure 4e). For this assay,
because of the poor water solubility of TA, a water—DMSO
mixture (75:1, v/v) was used to prepare the solution of Ag,S
NCs (350 pg/mL) and TA (S0 uM). The variation in the
photoluminescence (PL) spectrum of the solution was
recorded over time under green LED illumination. No
fluorescence at 425 nm was observed over time, indicating
that hydroxyl radicals were not produced in our reaction
system. To confirm the biocompatibility of Ag,S PC under

675

illumination, we also examined the formation of singlet oxygen
in DMSO using 9,10-dimethylanthracene (DMA), which can
react with singlet oxygen by forming an endoperoxide moiety.
Similar to the hydroxyl radical experiment, there was no
change in the UV—vis spectrum over time under green LED
illumination (Figure 4d).

Origin of Different Reaction Patterns between PC
and Monomers. To investigate the compatibility of Ag,S
NCs with various monomers, PET-RAFT polymerization of
acrylate and acrylamide monomers [in this case, methyl
acrylate (MA)] in DMSO under 635 nm LED illumination was
performed. CDTPA was chosen as the RAFT agent for the
polymerization of MA because CPADB exhibited no activity
during the PET-RAFT polymerization of MMA. Intriguingly,
neither monomer polymerized after 24 h of illumination,
regardless of the degassing process (Figure Sa), which was
somewhat unexpected given that the propagation rate constant
(k,) of MA is significantly greater than that of MMA. Notably,
PET-RAFT polymerization of MA under inert conditions
showed no conversions even when illuminated by 6 W LEDs
emitting at 515 nm (~5 mW/cm?). Since the reduction
potentials of CDTPA—MA and CDTPA—-MMA are not
significantly different, we hypothesized that the C—S bond
dissociation of the radical anion intermediates was responsible
for the difference in the reaction patterns of MA and MMA.

To comprehend the cause of this behavior, QC calculations
were performed. The free-energy profiles of the reaction
pathway between the electron transfer (State A — State B) and
the complete C—S bond cleavage (State D — State E) are
depicted in Figure 6a,b. C—S bond dissociation of radical
anion intermediates (State C), as predicted, was the rate-
determining step for both CDTPA—MMA and CDTPA—-MA.
In addition, the activation energy of CDTPA-MMA was
calculated to be 13.5 kJ/mol, which is significantly less than the
activation energy of CDTPA—MA (29.0 kJ/mol). Our
hypothesis is supported by the significant difference between
the activation energies of the two single-monomer-inserted
moieties. The difference in activation energies may be
attributable to the stability of the radical species generated
(State E). The activation energy of the radicals generated from
CDTPA-MMA (State E) was 8.1 kJ/mol less than the
activation energy of the relaxed radical anion intermediate
(State C). The activation energy of the CDTPA—MA radical
(State E) was 6.6 kJ/mol higher than that of the radical anion
intermediate (State C). To experimentally verify our
hypothesis, we performed PET-RAFT polymerization of MA
under inert conditions and 515 nm illumination at elevated
temperatures (60 °C) (Figure Sa and Table S3). Indicating the
existence of an activation barrier, the polymerization resulted
in substantial conversion (43%) with excellent control (P =
1.02). This result is also consistent with a very recent report
from Boyer et al. wherein the rate of PET-RAFT polymer-
ization of MA mediated by a metal naphthalocyanine-based PC
under 780 nm illumination was significantly accelerated at
moderately elevated temperatures.®’

PET-RAFT Polymerization in DMSO under Blue- and
Green-Light lllumination. First, we performed polymer-
ization of (meth)acrylates under different wavelengths of light
(i.e., blue, green, and sunlight). As predicted, the rate of MMA
polymerization was significantly increased under green and
blue illumination, whereas the polymerization process was
poorly controlled (Table S4). Under blue LED illumination,
the functionality of synthesized polymers was not adequately
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maintained (Figure S$20). This suggests that high-energy
illumination further activates the PET-RAFT electron transfer
pathway as well as other reaction pathways (i.e., the energy
transfer pathway and the photoiniferter process) that are
forbidden under red-light illumination.*” This observation was
supported by the fact that successful polymerization occurred
in the absence of Ag,S NCs under green and blue LED
illumination (Table SS). Contrary to what was observed under
red-light illumination, polymerization reactions in the air were
slower under these conditions than they were under inert
conditions. Under such conditions, energy transfer and
photoiniferter processes, in which oxygen cannot act as a
catalyst, can be activated. However, this behavior is difficult to
comprehend in its entirety; therefore, additional research is
currently underway.

Next, we polymerized MA under green and blue LED
illumination, which was significantly different from the MMA
polymerization reaction (Figure Sa). Under green LED
illumination, under inert conditions, there was no polymer-
ization of MA, as was observed under red LED conditions. The
polymerization in air resulted in a conversion of 81% adequate
control (P = 1.01). In this instance, “oxygen acceleration” was
more pronounced than MMA polymerization under red LED
illumination. Identical results were also observed for other
acrylic monomers (Figure Sb). Based on the mechanistic
studies described in the previous section, we attributed this
behavior to the increase in excitation light energy (from red to
green) and the catalytic role of oxygen, which accelerated the
formation of radical anions. Consequently, the production of
radical species significantly accelerated the rate of polymer-
ization. This result agrees well with the previously cited DET-
RAFT example by Coelho et al.”’

In contrast to the polymerization under 515 nm
illumination, the polymerization of MA occurred regardless
of the presence of oxygen under 455 nm illumination (6 W
LEDs providing ~S$ mW/cmz). In this instance, a higher
conversion rate was repeatedly attained when oxygen was
present. This suggests that the “oxygen-acceleration” phenom-
enon occurs under 455 nm illumination, albeit to a lesser
extent than under green LED illumination (Figure Sa). Under
4SS nm illumination, the photoiniferter process occurs via
direct photolysis, whereas under 515 nm illumination, it does
not. In the absence of Ag,S NCs, blue LED illumination during
MA polymerization resulted in a significantly higher con-
version of 93% with excellent control (D = 1.01), whereas no
polymer products were obtained under green LED illumina-
tion. These results demonstrably confirm our hypothesis
(Table S6).

PET-RAFT of Methacrylic Monomers in an Aqueous
Environment. After PET-RAFT polymerization of (meth)-
acrylates in DMSO using Ag,S NCs at different excitation
wavelengths (i.e,, red, green, and blue light), the reaction
medium was changed to water as an eco-friendly solvent
(Figure 7). Due to their high water solubility, we select 4-
((((2-carboxyethyl)thio)carbonothioyl)thio)-4-cyanopenta-
noic acid (CETCPA) and (meth)acrylate, depicted in Figure
7a,b, as the RAFT agent and monomer, respectively. According
to the chemical structures, the photophysical and electro-
chemical properties of CETCPA are very similar to those of
CDTPA.

As depicted in Figures 7 and 8, the reaction pattern of the
aqueous PET-RAFT polymerization was remarkably similar to
that of the DMSO polymerization. Under red-light illumina-
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tion, the polymerization of methacrylic monomers was
successful (Figure 7a,d,e) and exhibited “oxygen-acceleration”
behavior (Figure 7c,d). Under red-light illumination, no
polymerization of acrylic monomers was observed, whereas
blue-light illumination led to successful polymerization (Figure
8a). We discovered that the polymerization of the acrylic
monomer under green-light illumination was extremely
sensitive to the presence of oxygen, which is consistent with
the outcomes of our experiments in DMSO (Figure 8a,b).

Sunlight-Driven PET-RAFT Polymerization. We con-
ducted polymerization of four different monomer—solvent
combinations (i.e, MMA—DMSO, MA—DMSO, OEGMA—
water, and OEGA—water) under natural sunlight illumination
(Figure 9). The reactions were conducted in the presence or
absence of oxygen, with a total reaction time of 10 h and a final
reaction temperature of 17 °C. As shown in Figure 9a,b, all
monomer—solvent combinations resulted in successful poly-
merization reactions. We also observed the “oxygen-accel-
eration” behavior during polymerization, as predicted by our
previous experiments. These results indicate that Ag,S NCs are
an effective full-spectrum PC for PET-RAFT polymerization
performed under environmentally friendly and ambient
conditions.

Biocompatibility of Ag,S and PET-RAFT in a Cell
Culture Environment. The photocatalytic performance of
Ag,S NCs over a broad range of illumination wavelengths in
both organic and aqueous media, as well as their biocompat-
ibility, make Ag,S NCs a potential PC for photomediated
polymerization reactions in biologically relevant media. Here,
PET-RAFT polymerization was performed on OEGA in a
solution with a composition similar to that of cell culture
media (Dulbecco’s modified Eagle medium (DMEM)): 4.5 g/
L p-glucose, L-glutamine, and 110 mg/L sodium pyruvate.
First, the biocompatibility of the synthesized Ag,S NCs was
evaluated (Figures 9b and S21). Up to 1 mg/mL Ag,S NCs
exhibited no cytotoxicity toward the selected three different
cells (i.e. NIH 3T3, HeLa, and PC-3). We further observed a
similar level of toxicity when the same experiment was
repeated under continuous illumination from 630 nm (and
515 nm) LEDs, as expected (see Figure S22 for details of
viability experiments with 515 nm light illuminations). It also
should be noted that the photothermal effect of Ag,S NCs was
not observed in these experiments (Figure $23). We attributed
this to the fact that Ag,S NCs did not produce singlet oxygen,
which dominates in photodynamic therapy (PDT) due to its
high cytotoxicity.

To prevent adverse effects on the biological environment,
the reaction time and monomer concentration were shortened
(Table S7). Notably, the reaction system is oxygen tolerant
and does not require deoxygenation of the medium or the
addition of any harmful substances. Two hours of OEGA
polymerization under 12 W 515 nm LED illumination resulted
in a significant 23% conversion with adequate control (D =
1.27), demonstrating the applicability of Ag,S NCs as an
effective PC for biocompatible PET-RAFT polymerization.
Negative control experiments without Ag,S NCs (Figures 9¢
and S24) yielded no polymerization products, confirming the
role of Ag,S NCs as a PC.

B CONCLUSIONS

In conclusion, we discovered a biocompatible, water-
dispersible, and full-spectrum PC that successfully mediated
the aqueous/ambient PET-RAFT polymerization of various
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acrylic monomers in the absence of additives under the
illumination of natural sunlight. Through indepth studies of
the photocatalytic properties of Ag,S NCs, we determined that
the observed reactivity and biocompatibility were attributable
to the sufficiently high reducing power and small band gap of
the PC. In contrast to conventional PET-RAFT, which
involves multiple competing pathways, the Ag,S-mediated
PET-RAFT reaction is driven solely by electron transfer under
low-energy illumination as a result of the unique electronic
structure of Ag,S. Under these conditions, we observed
unanticipated reaction patterns based on the combination of
excitation light wavelength, monomer, and RAFT agent, as well
as unconventional “oxygen-acceleration” behavior. Our ex-
perimental and theoretical studies suggest that the radical
anion intermediates, generated by the photoinduced electron
transfer between the excited-state PC and RAFT agent, play an
essential role in the polymerization reaction and can provide a
foundation for a better mechanistic understanding of the
extremely complex PET-RAFT processes. Finally, we demon-
strated that Ag,S NCs can act as PCs and mediate PET-RAFT
polymerization even in a cell culture environment. We believe
this study offers intriguing insights into future environmentally
friendly polymerization reactions.
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Cyanoarene-based photocatalysts (PCs) have attracted significant interest
owing to their superior catalytic performance for radical anion mediated
photoredox catalysis. However, the factors affecting the formation and
degradation of cyanoarene-based PC radical anion (PC™) are still insufficiently
understood. Herein, we therefore investigate the formation and degradation
of cyanoarene-based PC~ under widely-used photoredox-mediated reaction
conditions. By screening various cyanoarene-based PCs, we elucidate strate-
gies to efficiently generate PC™~ with adequate excited-state reduction poten-
tials (Eeq) via supra-efficient generation of long-lived triplet excited states (T;).
To thoroughly investigate the behavior of PC™ in actual photoredox-mediated
reactions, a reductive dehalogenation is carried out as a model reaction and
identified the dominant photodegradation pathways of the PC™. Dehalo-
genation and photodegradation of PC™~ are coexistent depending on the rate
of electron transfer (ET) to the substrate and the photodegradation strongly
depends on the electronic and steric properties of the PCs. Based on the
understanding of both the formation and photodegradation of PC™, we
demonstrate that the efficient generation of highly reducing PC™ allows for the
highly efficient photoredox catalyzed dehalogenation of aryl/alkyl halides at a
PC loading as low as 0.001 mol% with a high oxygen tolerance. The present
work provides new insights into the reactions of cyanoarene-based PC™ in
photoredox-mediated reactions.

Over the last decade, visible light-driven photoredox catalysis that
utilizes the energy of photons has risen to prominence in organic
synthesis owing to its mild conditions, high tolerance to various
functional groups, and unique operating mechanism'®. Upon photo-
excitation, a photoredox catalyst (PC) can participate in single-
electron transfer (SET) events with substrates, consequently

generating reactive radical intermediates from a variety of bench-
stable substrates. This formerly inaccessible reaction strategy has
enabled significant developments in radical chemistry for organic’*
and polymer synthesis'*2°.

To further enhance the efficiency and expand the reaction scope
of visible light-driven photoredox catalysis, it is essential to maximize
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Fig. 1| Schematic illustration of the current work. Reaction scheme of the formation and photodegradation of cyanoarene-based photocatalyst radical anion (PC").
Here, ISC, Ty, PET, and Sub denote intersystem crossing, triplet excited state, photoinduced electron transfer, and substituent, respectively.

the reducing power and concentration of active PC species that acti-
vate the substrate of interest through an electron transfer (ET) process.
This can mostly be facilitated in a reductive quenching cycle wherein a
one-electron-reduced PC (i.e., PC™) commonly acts as an active PC
species because PC™~ usually exhibits a far longer lifetime than the
optically excited PC species (i.e., *PC’) acting as an active PC inter-
mediate in an oxidative quenching cycle?. Moreover, PC~ is regarded
as a core intermediate for the recently proposed multiphoton excita-
tion catalysis mechanism based on consecutive photoinduced elec-
tron transfer (ConPET)**** and electrophotocatalysis® ¥, therefore,
merits special attention.

The concentration of PC™~ in the photostationary state and the
ground state reduction potential of the PC (E,.q°(PC)) both play critical
roles in photoredox-mediated catalytic reactions employing PC~ as an
active species®. A high concentration of PC™ implies a high collision
frequency with the substrate under illumination by visible light, which
facilitates ET events. In addition, a more negative F,.4° indicates an
increase in the driving force for ET, thus accelerating ET processes. To
achieve a highly negative E,.q° of a PC, a high energy lowest unoccu-
pied molecular orbital (LUMO) is required”. Furthermore, to ensure
visible light absorption by such a PC, the energy of the highest occu-
pied molecular orbital (HOMO) should scale with that of the LUMO;
however, the accompanying decrease in E..q is detrimental to the
photoinduced electron transfer (PET) between a PC and a reductant. In
other words, it is very difficult to target PCs combining the following
properties: (i) good visible light absorption, (ii) adequate initial PET
with a sacrificial reductant, and iii) a highly negative reduction
potential. Thus, the generation of PC™ is normally targeted in PCs with
a less negative reduction potential (e.g., perylene diimide***, Acr-Mes
“BF4s%%, Rh6G*°, and Ru(bpy);Cl,*'%) or under special reaction
conditions***** (Supplementary Table 1 in the Supplementary
Information (SI)).

As exemplified by the recent reports by the groups of
Zhang’®, Zeitler”’, Kwon®, and others'*****, cyanoarenes have emerged
as attractive organic PCs. Such PCs exhibit excellent catalytic perfor-
mances for a variety of visible light-driven organic reactions®*° and
polymerizations***°. Among them, 4DP-IPN and its analogs have
attracted considerable interest owing to their superior catalytic per-
formance for radical anion-mediated photoredox -catalysis. For
example, Wickens et al. reported the successful photocatalyzed
reductive cleavage of strong C(sp?)-N and C(sp?)-O bonds by the
electrochemically generated 4DP-IPN*.. More recently, the groups of
Wickens™ and Wu* used 4DP-IPN analogs as PCs to perform the
phosphonylation, borylation, and hydroarylation of highly inactivated
aryl chlorides. Through careful characterization of the radical anion of
4DP-IPN, they proposed that its high reducing power (Eeq° = -1.66 V vs
SCE, all redox potentials in the current work are against saturated
calomel electrode (SCE) unless otherwise noted) is the crucial factor.

Meanwhile, recent studies on cyanoarene-based PC~ have revealed
that a photodegradation of PCs is involved in photoredox catalysis*®**,
which might induce unwanted catalytic activities of the photo-
degraded adducts. However, despite these research efforts, it is still
unclear which factors affect the formation and degradation of the
radical anion of cyanoarene-based PCs. This lack of understanding can
lead to inefficiencies in radical anion-mediated photoredox reactions
such as inappropriate choice of PC, excessive PC loading, and inade-
quate selection of the excitation source. However, no studies have
focused on the in-depth investigation of the cyanoarene-based PC™.
Herein, we investigate the formation and degradation of the
cyanoarene-based PC~ under widely-used photoredox-mediated
reaction conditions (Fig. 1). Through the investigation of various
cyanoarene-based PCs with different redox potentials and abilities to
generate triplet excited states (T;), we found that organic PCs exhi-
biting both the ultra-efficient generation of long-lived T; and ade-
quately positive excited state reduction potentials (Eeq (PC)) enable
these PCs to efficiently form strongly reducing PC™~ under mild visible
light illumination. During the screening of these cyanoarenes, we also
found that the different photodegradation behaviors of PCs depend
on their electronic and steric properties. We also identified a strong
correlation between the photodegradation reaction of cyanoarenes
and the abilities of PCs to be one-electron reduced. To further inves-
tigate the photodegradation behavior of PC~ in actual photoredox
catalysis, we carried out the reductive dehalogenation of aryl halides as
a model reaction. From in situ monitoring of the reaction, we revealed
that the dehalogenation and photodegradation of PCs are co-
dependent on the rate of the ET process. Furthermore, we demon-
strated the highly efficient dehalogenation of aryl/alkyl halides at a
very small loading of 4DP-IPN with a high oxygen tolerance; it thus
outperformed other conventional PCs that were used as controls.

Results

PET event between 4DP-IPN and sacrificial reducing agents

We first investigated the initial PET from amine-based sacrificial donors
to 4DP-IPN; tertiary amines were used because they are the most
commonly used sacrificial reducing agents. Given the ground state
oxidation potentials of the prepared amines (E,’(DIPEA)=0.68V,
E,,°(TBA) =0.88V, and E,,°(TEA) = 0.96 V, where DIPEA, TBA, and TEA
represent diisopropylethylamine, triethylamine, and tributylamine,
respectively)***, and the excited state reduction potential of the PC
(Ereq (4DP-IPN) = 0.63 V), the PET is expected to be very slow owing to
its unfavorable thermodynamics. To monitor the PET, we conducted
photoluminescence (PL) decay quenching experiments using time-
correlated single-photon counting (TCSPC). The UV-Vis absorption
and PL emission spectra of 4DP-IPN are shown in Supplementary Fig. 3.
Under degassed conditions without a sacrificial electron donor, the
decay lifetimes of the prompt and delayed components of 4DP-IPN
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Fig. 2 | Characterization of 4DP-IPN and 4DP-IPN". a Reaction scheme of the
formation of 4DP-IPN"". The calculated frontier molecular orbitals (MO) topologies
of 4DP-IPN and 4DP-IPN"~ are shown. Their excited state redox potentials (E;eq (PC)
and Eq (PC™)) were estimated from Freq* = Eg.0 + Ered® and Eoy (PC™) =—Fo.o(PC™) +
Eed’(PC); Eo-o(PC) and E¢.o(PC™) were evaluated by the onset of gated photo-
luminescence (PL) emission spectrum in CH3CN at 65 K and the onset of UV-Vis
absorption spectrum at room temperature (RT), respectively. b Jablonski diagram
of 4DP-IPN. The rate constants of all photophysical processes were evaluated in the
current work; here, IC, (R)ISC, Do, and S,/T,/D, denote internal conversion,
(reverse)intersystem crossing, doublet ground state and singlet/triplet/doublet
excited state, respectively. ¢ UV-Vis absorption spectra of 4DP-IPN (black line) and
4DP-IPN (orange line) in CH;CN; here, a.u. denotes arbitrary units. UV-Vis
absorption spectra of 4DP-IPN"~ were taken right after illumination by two 3 W

515 nm LEDs for 1 min at RT. TD-DFT results (oscillator strengths) are shown as stick
spectra. d Time-dependent changes of the UV-Vis absorbance of 4DP-IPN™ at

525 nm and Ir(dtbby)~(ppy).PF¢ at 533 nm (compare Supplementary Fig. 9). PC™
was generated under the illumination of two 3 W 515 nm LEDs for 3 min (for 4DP-
IPN) or two 3 W 455 nm LEDs for 1 min (for Ir(dtbby)(ppy),PFs) at RT. Changes in the
UV-Vis absorption spectrum of freshly generated 4DP-IPN were recorded every
2 min under dark conditions (inset). e Stern-Volmer plots for the PL decays
quenching of 4DP-IPN and Ru(bpy)sCl, in CH;CN by DIPEA at RT. f Results of
kinetics simulation of the relative excited state population of selected PCs

(5.0 x10 M) over time under continuous 455 nm (or 390 nm for 10-
phenylphenothiazine (PTH)) irradiation (see the Sl for the full details of the kinetics
simulation).

were measured to be 3.3 ns and 104 ps, respectively (Supplementary
Fig. 5). Adding tertiary amines significantly shortened the decay life-
times of the delayed components (Supplementary Fig. 6), whereas
those of the prompt components changed negligibly (Supplementary
Fig. 7), implying that T, is mainly responsible for the PET events. In fact,
the measured rate for PET is larger than the reverse intersystem
crossing (RISC) rate and smaller than the ISC rate, further supporting
this argument (Fig. 2b). Among the sacrificial donors, DIPEA exhibited
the strongest quenching effect (Fig. 2e and Supplementary Fig. 6). The
PET rate constants (kpgt) increased with an increasing thermodynamic
driving force (-AGpgt), consistent with Marcus normal region behavior
(Supplementary Fig. 6)*. As a control, we performed a PL quenching
experiment with DIPEA on Ru(bpy);Cl,, which is widely used as a PC for
reductive quenching photocatalytic cycles® . In the presence of the
same amount of DIPEA, kpgr for Ru(bpy)sCl, (9.7 x10°M™s™)
was higher than that for 4DP-IPN (1.1 x10°M™s™), consistent with the
trend in the excited state reduction potentials of the PCs
(Ered (Ru(bpy)sCly) = 0.77 V)*.

Interestingly, for the same amount of DIPEA, the PL decay
quenching in 4DP-IPN changed to a greater extent than that in
Ru(bpy)sCl,. This indicates that the rate of PET (vpgt) from DIPEA to the
PC is faster in 4DP-IPN than that in Ru(bpy)sCl,, although the ther-
modynamic driving force for PET is less favorable in 4DP-IPN. We
attribute this finding to the highly efficient long-lived T; generation by
4DP-IPN. In fact, the excited state population of PC is a crucial factor
for generating the PC- because the molar rate of PET, vpgr (in Ms™), is
described by

Voer = kper[PCTIQ] 1)

where [PCTis the concentration of the PC in the excited state and [Q] is
the concentration of the quencher (i.e., DIPEA). We then modeled the
time-dependent excited state concentrations of selected PCs after
turning on irradiation; this model was based on the rate law to estimate
the PET ability of 4DP-IPN and to compare it to those of other well-
known PCs (Fig. 2f; see also Supplementary Fig. 13 in the SI for details
of the simulation and the rate equations employed). The rate constants
used in the kinetics simulations were obtained from either our
experiments or the literature. In the photostationary state, the
concentration of 4DP-IPN molecules in T, was approximately 10? times
higher than those of both Ru(bpy);Cl, and Ir(ppy); and was
approximately 10° times higher than that of 10-phenylphenothiazine
(PTH), which has commonly been used as a highly reducing
PC (Eox (PTH) =-2.10 V)*8, This indeed suggests that 4DP-IPN is super-
ior for PET with sacrificial agents, despite its unfavorable
thermodynamics.

Generation of PC* of cyanoarene-based PCs

The formation of the PC"~ of 4DP-IPN can be directly monitored by UV-
Vis absorption spectroscopy. As the PC~ is known to be sensitive to
oxygen and moisture®*, all samples were prepared inside a glove box.
A degassed solution of 4DP-IPN was first irradiated with a 515 nm light
emitting diode (LED) for 1 min in the presence of an excess amount of
DIPEA; in this context, it should be noted that exogenous tertiary
amines have been reported to be able to suppress back electron
transfer (BET) events®. The UV-Vis absorption spectra of the 4DP-IPN
solution were recorded before and immediately after irradiation
(Fig. 2¢). Spectral changes were observed, in agreement with a color
change that could be observed by the naked eye (Fig. 2c, inset). A
decrease in the absorption peak at 470 nm implied the depletion of
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4DP-IPN, while a new broad absorption band appeared at 500-750 nm,
indicating the generation of 4DP-IPN"; perfect isosbestic points (at 428
and 493 nm) also appeared for the reaction. Once the resulting PC™
was exposed to air, close to 100% of the 4DP-IPN was rapidly regen-
erated, demonstrating the nearly perfect reversibility of this transfor-
mation (Supplementary Fig. 8a). The stability of the PC~ was also
measured by recording changes in the UV-Vis absorption spectrum of
freshly generated PC~ every 2 min under dark conditions (orange line
in Fig. 2d). A gradual decay was observed in the dark over more than
20 min, which is approximately two times longer than that of Ir(dtbby)
“(ppy)2PF¢ reported by Konig et al. under similar conditions (green
line in Fig. 2d)*. This superior stability of 4DP-IPN"- is likely due to
retarded BET in the triplet contact radical ion pair involving the 4DP-
IPN™, which is related to the lack of heavy atoms and, thus, a decreased
spin-orbit coupling.

The formation of the PC- was further confirmed by (time-
dependent) density functional theory, (TD-)DFT, calculations (using
the B3LYP functional, 6-311++G* basis set, and the polarizable con-
tinuum model, PCM, with acetonitrile as the solvent); such calculations
provide insights into the underlying electronic situation. In the neutral
form of 4DP-IPN (black line in Fig. 2c), the low-energy absorption band
consisted of a number of transitions with partial charge transfer (CT)
character and a relatively low oscillator strength f (Supplementary
Fig. 14); for instance, S; was well described by a transition from the
HOMO to the LUMO (HOMO-LUMO), as depicted in Fig. 2a. Further-
more, the TD-DFT calculations correctly reproduced the appearance
of a red-shifted absorption band for the PC™- (orange line in Fig. 2c),
which was shown to consist of a multitude of CT and locally excited
(LE) transitions with a small f; here, the D, state corresponded to the
excitation from the singly occupied molecular orbital (SOMO) to the
LUMO+1, which was of LE character but had a small differential over-
lap, thus generating a small f (Fig. 2a and Supplementary Fig. 14). Note,
however, that the theoretical evidence clearly indicates the appear-
ance of a near-infrared (NIR) band for the PC™, which corresponded to
the D; state (SOMO-LUMO; Fig. 2b and Supplementary Fig. 14), inde-
pendent of the chosen DFT functional. At the B3LYP level of theory, it
appeared at 1454 nm. We thus recorded the absorption spectrum in
the NIR range to 1500 nm but did not find evidence for such absorption
in this range (Supplementary Fig. 10). However, an absorption band
might possibly have appeared at a wavelength >1500 nm and was
therefore not detected. Nonetheless, note that the energy difference
between the bands at 1450 and 1600 nm, for example, is only ~0.1eV,
which is within the error of the DFT calculations.

Next, we investigated the formation of PC- for a set of
cyanoarene-based PCs with different redox potentials and abilities to
generate Ty; nine additional PCs were synthesized with different donor
moieties (Fig. 3 and Supplementary Fig. 11). In most cases, the low-
energy absorption bands appeared to red-shift relative to those of the
PC; even 4-p,p-DCDP-IPN shows broad absorption band in the NIR
region (Fig. 3j). These results indicate the broad applicability of our
strategy. Furthermore, to verify the relevance of T; for PC™ formation,
two 4DP-IPN analogs (4-p-MCDP-IPN and 4-0,p-DCDP-IPN) with better
Ered (ie., a lower HOMO) but a negligibly small concentration of Ty,
were prepared (Fig. 3, Supplementary Fig. 5, and Supplementary
Table 4); this finding might be due to fast RISC mediated by vibronic
coupling®, and further in-depth investigations are currently underway.
Interestingly, PC™~ was not noticeably generated for such PCs in our
experimental conditions, clearly confirming that the long-lived T,
generation of a PC is crucial for the formation of PC™. Nevertheless, in
most strongly twisted donor-acceptor structures, *PC’ is efficiently
generated; furthermore, by changing the donor and/or acceptor
moieties, the redox potentials are delicately controlled over a broad
range, enabling the use of radical ions with tailored redox potentials
for a variety of highly efficient conventional photoredox catalysis,
multiphoton excitation catalysis, and photoelectrocatalysis™".

Photodegradation behavior of 4DP-IPN

The PC- formation was determined to be sensitive to the wavelength
and intensity of irradiation. Spectral changes similar to those in the
solutions of 4DP-IPN and DIPEA under 515nm irradiation were
observed when irradiated with a 455 nm LED for 1 min; however, the
spectrum did not fully recover even after exposure to air, implying that
the PC is likely to be degraded by 455 nm irradiation (Supplementary
Fig. 8). In fact, continuous 455 nm LED irradiation over 5 min resulted
in the photodegradation of 4DP-IPN (Fig. 4a and Supplementary
Fig. 8¢). These results suggest that the PC can be efficiently generated
under 455nm LED irradiation, although followed by molecular
degradation or unwanted chemical reactions®,

We carefully monitored the degradation of 4DP-IPN in the pre-
sence of the sacrificial reductant (i.e., DIPEA) alone under both 455
and 515 nm LED irradiation, and the degradation under 455 nm illu-
mination was much faster than that under 515 nm illumination. This
can possibly be ascribed to differences in the absorption efficiencies
(€=9.0x10°M*cm™ at 455nm and £=4.5x10*M"cm™ at 515 nm).
As illustrated in Fig. 4a, 4DP-IPN decomposed into two green lumi-
nescent compounds. After scaling up the reaction, we successfully
isolated the photodegraded adducts. Intensive structural character-
ization via 1D/2D NMR analyses and mass spectroscopy clearly con-
firmed that one of the two CN groups of 4DP-IPN was substituted with
a methyl group or hydrogen atom to yield 4DP-Me-BN (major pro-
duct) and 4DP-H-BN (minor product), respectively (Supplementary
Figs. 20, 21).

Control experiments were performed in combination with
DFT calculations to investigate the mechanistic pathway of the
4DP-IPN degradation under the given conditions (Supplementary
Figs. 18 and 19). Interestingly, no degradation could be identified
by thin-layer chromatography (TLC) in the absence of DIPEA
(Supplementary Fig. 18a), suggesting that DIPEA plays an impor-
tant and specific role in the photodegradation process of 4DP-
IPN. We thus assumed that long-lived 4DP-IPN" first formed in the
presence of DIPEA, followed by the methyl and hydrogen sub-
stitution reaction of the PC~. Here, the methyl and hydrogen
seem to have been provided through the g-scission of the one-
electron-oxidized adduct of DIPEA (DIPEA™). In fact, the C-C
(and C-H) bonds located in the B-position of DIPEA™ are well
known to be substantially weaker than those of neutral DIPEA;
hence, B-scission normally occurs to generate the radical
species*>*>7%®, which was also well reproduced by our DFT calcu-
lations (Fig. 4b). Moreover, the possibility that the methyl and
hydrogen originated from the solvent (CH;CN) could be ruled
out because in deuterated acetonitrile (CD3CN), the CH; sub-
stitution reaction was still observed instead of the CD; substitu-
tion (Fig. 4a).

We further investigated the photodegradation of other
cyanoarene-based PCs. As illustrated in Fig. 5, very interesting patterns
emerged, which relied on the electronic properties (i.e., propensity for
PC- formation) and structural features (i.e., steric environments
nearby the CN group) of PCs. As in 4DP-IPN, methyl substitution at one
of the two CN groups was observed for 3DP-Cz-IPN and 3DP-DCDP-IPN,
both of which have similar electronic and structural properties com-
pared with 4DP-IPN (Fig. 5a). However, in 4Cz-IPN and 4tCz-IPN, ethyl
substitution occurred with a small amount of methyl substitution,
suggesting that the steric environment near the CN group is a crucial
factor in the substitution reaction (Fig. 5b). The ethyl group likely
originates from the C-N bond cleavage of DIPEA™ assisted by a 1,2-
methyl shift. Indeed, the use of diisopropylmethylamine instead of
DIPEA generated a CH3-substituted adduct as a major product, which
clearly supports our hypothesis.

Figure 5¢ shows the results of photodegradation experiments for
the PCs in which PC™~ was not properly formed. No photodegradation
was observed for 3DP-DMDP-IPN or 4-0,p-DCDP-IPN, whereas complex
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Fig. 3 | Formation of PC™~ of various cyanoarene-based PCs. a Chemical struc- were evaluated by the onset of PL emission and gated PL emission, respectively, in
tures of selected cyanoarene-based PCs and their calculated HOMO and LUMO CH3CN at 65K (except for 4tCz-IPN in DMF). UV-Vis absorption spectra were taken

energies. UV-Vis absorption spectra of selected PC (black line) and PC™ (orange from the degassed solutions of PCs (1.0 x 10™* M) and DIPEA (0.5 M) in CH5CN right
line). It should be noted that the PCs prepared here contain six completely new after illumination of two 3 W 455 nm LEDs for 1 min at RT, b 3DP-DMDP-IPN, ¢ 4tCz-

compounds (3DP-DMDP-IPN, 3DP-Cz-IPN, 3DP-DCDP-IPN, 4-p-MCDP-IPN, 4-o0,p- IPN, d 4Cz-IPN, e 3DP-Cz-IPN, f 3DP-F-IPN, g 3DP-DCDP-IPN, h 4-p-MCDP-IPN, i 4-

DCDP-IPN, and 4-p,p-DCDP-IPN). All ground state reduction potentials of PCs 0,p-DCDP-IPN, and j 4-p,p-DCDP-IPN. All solutions were prepared in a glove box and
(Ereq(PC)) were measured in the current work and their excited state reduction fully degassed. TD-DFT calculation results (oscillator strengths) are shown as stick
potentials (E;eq (PC)) were estimated from Eyeq* = Eg-0 + Ered”; Eo-0(S1) and Eq.o(Ty) spectra.
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Fig. 4 | Photodegradation behavior of 4DP-IPN. a Reactions were performed with
4DP-IPN (1.0 x10* M) and DIPEA (0.5 M) in CH5CN under the illumination of two

3 W 515 nm LEDs or two 3 W 455 nm LEDs at RT. PC degradations were monitored
in situ by TLC with eluent conditions (CH,Cl,:hexanes, 7:3 v/v). The photodegraded
products were isolated by column chromatography, and 'H NMR spectra confirmed

o,
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Intermediate
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that a methyl (and hydrogen) substitution reaction occurred at the CN position of
4DP-IPN to yield 4DP-Me-BN (and 4DP-H-BN). b Proposed mechanistic pathway for
the photodegradation behavior of 4DP-IPN in the presence of DIPEA and DFT cal-
culations for the bond dissociation energies (AH) in DIPEA™; the values in par-
enthesis correspond to the calculated bond dissociation energies in DIPEA.

degradation mixtures were formed in 4-p-MCDP-IPN. These results
imply that in such PCs, no well-defined degradation pathway through
the PC~ intermediate exists, and thus, the photodegradation behavior
is determined by the intrinsic photostability of the PCs. Finally, we
examined the photodegradation behavior of 3DP-F-IPN and 4-p,p-
DCDP-IPN, which effectively generated PC~ and contain additional
labile groups such as C-F bonds or other types of C-CN bonds.
Complex reaction mixtures formed for both PCs, which was probably
due to the degradation of these labile groups (Fig. 5d). Further in-
depth investigations are currently underway to fully understand the
photodegradation behaviors of cyanoarene-based PCs.

Dehalogenation of activated aryl/alkyl halides

Based on the experimental results discussed above, we assumed that
the supra-efficient PC~ generation of 4DP-IPN and its highly negative
E.q° of -1.66 V would enable the very efficient dehalogenation of aryl/
alkyl halides. To that end, we first examined the feasibility of reducing
4-bromobenzonitrile (E;.°=-1.83 V), which was chosen as a substrate
owing to its moderate reactivity, thereby allowing us to compare the

catalytic performance of 4DP-IPN with those of well-known PCs.
The reaction conditions were optimized by irradiating a mixture of 4-
bromobenzonitrile, 4DP-IPN (0.005mol%), and tertiary amines in
degassed acetonitrile with a 455nm LED light at room temperature.
Although no conversion was achieved in the presence of five equiva-
lents of TEA, the reduction product, benzonitrile, was obtained in
100% yield after 8 h using ten equivalents of DIPEA (Supplementary
Table 5). This result is consistent with the PL quenching experiments,
clearly indicating that the efficient generation of PC™ is a key factor in
proceeding with the dehalogenation reaction. Notably, 455nm LED
irradiation gave better results (i.e., faster reaction kinetics) than 515 nm
LED irradiation, which seems to contradict the UV-Vis absorption
results concerning the photodegradation of the PC™. This incon-
sistency was most likely due to the fact that the ET between the PC™
and the substrate occurred much faster than the photodegradation of
the PC~. To confirm our hypothesis, we investigated the photo-
degradation behavior of 4DP-IPN in actual reactions to dehalogenate
various aryl halides (Fig. 6a) in which ten equivalents of DIPEA were
used as a sacrificial agent. Aliquots of each reaction mixture were taken
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at a given time to monitor the progress of the reactions as well as the
PC degradation. As only a small amount of PC (here, 1 mol%) was used,
the degradation of the PC was monitored by TLC, whereas the reaction
was tracked by 'H NMR.

As shown in Fig. 6a: Reaction A, an 100% yield was obtained for
4-bromobenzonitrile in 1.5 h, while only a trace amount of the photo-
degradation product, 4DP-Me-BN, appeared; this implies that 4DP-IPN
is an active PC for the dehalogenation of 4-bromobenzonitrile. More
interestingly, the degradation of the PC was significantly retarded
during the dehalogenation reaction compared to that in the presence
of DIPEA alone (Fig. 6a: TLC). This was presumably due to the fact
that the PC degradation competes with the dehalogenation reaction,

as described in Fig. 6c. In other words, in the presence of 4-bromo-
benzonitrile, the ET from 4DP-IPN"~ to 4-bromobenzonitrile seemed to
be significantly faster than (i) the formation of 4DP-IPN"~ and (ii) the
substitution reaction to form 4DP-Me-BN, which results in a substantial
delay in the PC degradation. In fact, faster PC degradation occurred in
the dehalogenation reactions of more challenging substrates (i.e., 4-
chlorobenzonitrile, 4-iodoanisole, and 4-bromoanisole in Fig. 6a:
Reaction B, C, and D, respectively), further supporting our hypothesis.

In a further step, we examined the catalytic activity of the PC
degradation adduct, 4DP-Me-BN (Fig. 6b), using 1 mol% of 4DP-Me-BN
to proceed with the dehalogenation reactions of 4-bromobenzonitrile
and 4-bromoanisole; note that the reactions proceeded under the
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same conditions. With 4DP-Me-BN (4DP-IPN) as a PC, 71% (100%) and
3% (42%) yields were obtained for 4-bromobenzonitrile and 4-bro-
moanisole, respectively, indicating the lower catalytic performance of
4DP-Me-BN. Reaction kinetics studies of 4-bromobenzonitrile further
confirmed the lower catalytic activity of 4DP-Me-BN than that of 4DP-
IPN (Fig. 6b, right). More interestingly, when the continuous irradiation
was prolonged to 12 h after the completion of the dehalogenation
reaction of 4-bromobenzonitrile, only a small amount of the PC
degradation adduct appeared, suggesting that the PC degradation was
still retarded in the absence of 4-bromobenzonitrile (Fig. 6a: Reaction
A, TLC). This might have been due to the fact that the reaction product,
benzonitrile (E;eq®=-2.40 V)*, can act as an electron acceptor instead
of 4-bromobenzonitrile, competing with the PC degradation process.

Finally, the molecular origin of the lower catalytic activity of 4DP-
Me-BN was studied. According to DFT calculations, the substitution of
CN by CHj; did not significantly change the overall three-dimensional
structure with respect to that of 4DP-IPN, thus still providing a strongly
twisted donor-acceptor conformation (Fig. 7a). Nevertheless, the
electronic structure substantially changed in 4DP-Me-BN. The sub-
stitution of the strongly electron-withdrawing CN group with the
weakly electron-donating CH; in the central acceptor moiety increased
both the HOMO and LUMO energies. However, the increase of 0.47 eV
in the LUMO energy was considerably larger than that of the HOMO
energy (0.11 eV) because the acceptor (where the LUMO is located; see
Figs. 2a and 7a) was directly affected by CHj; substitution, while the
HOMO (mainly located on the donor) was only indirectly affected by
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Fig. 7 | Characterization of 4DP-Me-BN. a Calculated energies and topologies of
the frontier MO of 4DP-Me-BN. b PL decay of 4DP-IPN (1.0 x 10~ M; orange line) and
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results (oscillator strengths) are shown as stick spectra. e Stern-Volmer plots
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the inductive effect caused by the decrease in the electron-
withdrawing power of the acceptor unit.

Photophysical and electrochemical measurements of PCs species
are well in accordance with their DFT calculations. Strongly delayed
fluorescence with a long decay lifetime of 153 pis was seen in 4DP-Me-
BN (Fig. 7b), indicating an intact thermally activated delayed fluores-
cence cycle not too different from that in 4DP-IPN. The UV-Vis
absorption and PL emission spectra of 4DP-Me-BN showed a distinct
blue shift with respect to those of 4DP-IPN (Fig. 7c, d), confirming the
steeper increase in the LUMO energy upon CH; substitution than that
of the HOMO. Finally, the lower excited state reduction potential
(Ered = 0.54 V) and ground state reduction potential (E;® =—2.05 V) of
4DP-Me-BN compared to those of 4DP-IPN (Supplementary Fig. 3)
were also well supported by the DFT results, which revealed that 4DP-
Me-BN exhibited higher HOMO and LUMO energies.

The fact that the catalytic performance of 4DP-Me-BN was worse
than that of 4DP-IPN might be surprising, considering that 4DP-Me-BN
has a (i) highly negative reduction potential, (ii) decent long-lived T,
generation, and (iii) greatly improved stability. However, we con-
cluded that the catalytic activity might have been impaired by i) the
very low light absorption of 4DP-Me-BN (e=11x10°M7cm™ at
455 nm), as observed in the UV-Vis absorption spectrum (Fig. 7d), and
(ii) a decrease in the PET rate between 4DP-Me-BN and DIPEA owing to
the lowered excited state reduction potential of 4DP-Me-BN. In fact,
the kper of 4DP-Me-BN in the presence of DIPEA measured by a PL
quenching experiment was 8.6 x10* M s, approximately one order
of magnitude lower than that of 4DP-IPN, which was consistent with
Marcus normal region behavior described above (Fig. 7e), thus sup-
porting our hypothesis.

Using the optimized conditions, we screened different PCs. As
shown in Table 1, 4DP-IPN outperformed the other PCs used for
comparison. Ru(bpys)Cl, and Ru(phen);(PFg),, which are commonly
used as PCs for reductive cycles, gave very low yields of 13 and 0%,
respectively, even at high catalyst loadings of 5 mol%; this might have
been caused by the less negative reduction potential of the catalysts
(Ered®(Ru(bpy)s*) =-1.33 V and E,s°(Ru(phen);*) = -1.36 V) compared

to that of 4DP-IPN (-1.66 V). Rh6G and PDI employed as PCs for
ConPET showed yields of 2 and 4%, respectively, at 5 mol% PC loadings.
Although the one-electron-reduced forms of those PCs are known to
have highly negative excited state oxidation potentials
(Eox (PDI7) =-1.87V and E,, (Rh6G™) =-2.40 V)***°, the excited state
populations of Rh6G™~ and PDI~ were low because of their short excited
state lifetimes; this might have led to inefficient ET with
4-bromobenzonitrile and hence very low yields. On the other hand,
Ir(ppy)s, known as a PC for oxidative cycles’, showed decent catalytic
activity, but to give comparable yields, it required 100 times higher PC
loading (0.5 mol%) compared to that of 4DP-IPN. The higher required
catalyst loading might have been due to the relatively shorter excited
state lifetime of Ir(ppy); compared with that of 4DP-IPN™, despite the
highly negative excited state oxidation potential of Ir(ppy)s
(Eox (Ir(ppy)3) = -1.73 V). Finally, the reaction scope was explored in the
presence of 4DP-IPN (0.05-0.005mol%) for a range of differently
substituted aryl/alkyl halides with ground state reduction potentials of
less than -2.2V, which gave corresponding reduction products in
nearly quantitative yields (Fig. 9, Activated aryl/alkyl halides).

Oxygen tolerance

At a higher 4DP-IPN concentration of 0.05mol%, the reaction of
4-bromobenzonitrile gave a quantitative yield without degassing
(Fig. 8b), which enabled a facile gram-scaled reaction under ambient
conditions without any preceding degassing (Fig. 9). To understand
the origin of this high oxygen tolerance, the kinetics of the reaction
with and without degassing were monitored. An inhibition period
clearly appeared under non-degassed conditions but not under fully
degassed conditions (Fig. 8c). These results imply that dissolved oxy-
gen in the mixture solutions was fully consumed before starting the
reductive dehalogenation reaction. According to the previous
reports®®*7°, oxygen could be consumed through the generation of
reactive oxygen species (i.e., singlet oxygen and superoxide anion)
and their subsequent reaction with DIPEA and/or its cationic inter-
mediates. The kinetics of the photoredox catalytic reactions of
4-bromobenzonitrile with and without degassing process were then
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Table 1| Results of reductive dehalogenation of
4-bromobenzonitrile with a variety of PCs

o
NC

PC, DIPEA (10.0 equiv.)

QH
NC

CH4CN, 455 nm, RT, 8 h

Entry PC Loading (mol%) Yield (%)
1 - - (0]

2 Ru(bpy)sCl, 5 13
3] Ru(phen)s(PFg), 5 0

4 Rh6G 5 2

53 PDI 5 0
6ob 5 2

7 4Cz-IPN 5 75
8° Ir(ppy)s 5 100
9 0.5 100
10 0.05 26
n 0.005 (0]
12 ADP-IPN 5 100
13 0.5 100
14 0.05 100
15 0.005 100
16° 0.005 0
174 0.005 (0]

Reactions were performed with 4-bromobenzonitrile (0.1M), PC (5-0.005 mol%), and DIPEA
(10.0 equiv.) in CH3CN (1mL) under the illumination of two 3W 455 nm LEDs for 8 h at RT. All
solutions were prepared inside a glove box and degassed by bubbling with Ar. Yields were
determined by GC-FID.

t1H NMR using 1,3,5-trimethoxybenzene as an internal standard.

“Reaction performed in DMF due to solubility.

-dControl experiments were performed Pwith TEA instead of DIPEA, ®in the absence of DIPEA, or
din the dark conditions.

simulated using the mechanistic model described in Fig. 8a (see Sup-
plementary Fig. 15 and Supplementary Table 7 in the SI for details of
the kinetics simulation); all parameters including the rate constants
used in the kinetics simulations were obtained from the experiments
or from the literature. As shown in Fig. 8c (green line with open
squares), the experimental trends were quite well reproduced by the
kinetics simulations, supporting our hypothesis. Although these
trends were well simulated, a substantial discrepancy appeared
between the simulated and experimental kinetics, which was likely due
to the fact that ET was overestimated, and BET was not considered in
the model. In fact, the nonlinearity observed in the experimental
kinetics was adequately reproduced in the simulations by considering
the adequate BET for a slower ET (Fig. 8c; green line with open circles).
However, significant discrepancies were still observed for dehalo-
genation reactions in the presence of oxygen (Fig. 8c, right). This is
probably due to the depletion of the tertiary amines by reactive oxy-
gen species, which is not considered in model®®’°. indeed, in air, the
oxygen tolerance was determined depending on the amount of DIPEA
(Supplementary Table 8).

The experimental results thus far suggest that the dehalogenation
of activated aryl/alkyl halides at very low PC loadings and the high
oxygen tolerance arise from the highly efficient generation of both the
long-lived T; of 4DP-IPN and the PC™~ with a highly negative E,.4°(4DP-
IPN) of -1.66 V. In particular, high PC~ concentrations apparently led to
the highly efficient dehalogenation of the halides by overcoming the
potential barrier of ~0.5V without involving the ConPET process.
In fact, the addition of 4-bromobenzonitrile into the solution of 4DP-
IPN™ induced the perfect regeneration of 4DP-IPN, clearly indicating
that direct ET occurs between 4DP-IPN™~ and 4-bromobenzonitrile, and

thus, that ConPET was not involved in this case (Supplemen-
tary Fig. 12).

Dehalogenation of inactivated aryl/alkyl halides

Finally, the dehalogenation of inactivated aryl/alkyl halides was
explored. The E,.4° values of the substrates were ranged from -2.2 to
-3.0V, which were expected to be difficult to overcome by conven-
tional photoredox catalysis. However, despite the very high potential
energy barrier, moderate to high yields were mostly attained at higher
PC loadings (5-0.5mol%). We thus presumed that ConPET was
involved in the dehalogenation of inactivated halides. In fact, the
excited state oxidation potential of 4DP-IPN~ was estimated to be
-3.38 V according to Eq. (2), which corresponds to the D, state; relying
on Koopmans theorem, this corresponds to an energy of -1.30 eV.
According to the (TD-)DFT calculations, the D; state could also con-
tribute to ConPET. However, considering the energies and corre-
sponding reducing powers (i.e., E,, (4DP-IPN™ at D;) =-2.51V), the D,
state was likely to be responsible for ConPET. In fact, the excited state
lifetime of D, was expected to be sufficiently long, as the energy gap
between D, and D; (0.87eV from FEieo(Di~D2) = Eg..exp(PCY)
= Etheo(Do—Dy), Supplementary Fig. 14) was similar to that between D,
and Dg (0.85 eV, Supplementary Fig. 14); this should effectively slow
down the internal conversion from D, and thus enhance the D, life-
time, not considering here any barriers to internal conversion via
conical intersections, which could additionally stabilize the D, state.

Eo (PC*)= — Eq o(PC*)+Eeq°(PC) @)

Thus, the excited state oxidation potential of 4DP-IPN~ was
high enough to reduce the inactivated aryl/alkyl halides. Despite
similar reduction potentials, aryl chloride gave a lower yield than
aryl bromide, even with higher PC loadings (i.e., chlorobenzene vs
4-bromoanisole, see Fig. 9). This might be attributed to the slow
bond dissociation of the aryl chloride anion owing to the strong
C-ClI bond, facilitating BET from the aryl chloride anion to PC or
DIPEA derivatives.

The participation of ConPET in the case of 4-bromoanisole was
corroborated by the following semi-quantitative quenching experi-
ments (Supplementary Fig. 12). In fact, the addition of an excess
amount of 4-bromobenzonitrile (Feq®=-1.83V) to the preformed
solution of 4DP-IPN™ distinctly changed the color from dark green to
yellow in a few seconds, which is indicative of the regeneration of 4DP-
IPN. In contrast, the solution of 4DP-IPN~ showed no evident color
change in the presence of excess 4-bromoanisole (E;eq® =—-2.70 V). This
suggests that fast ET between 4DP-IPN"~ and 4-bromoanisole might be
ruled out and that a multiphoton excitation process (i.e., ConPET)
might be involved. However, given the low to moderate yields of
inactivated aryl chlorides, it seems that the ConPET process was not
very efficient here (Fig. 9). This was presumably due to the short
excited state lifetime of 4DP-IPN™, which was supported by the fact
that steady-state PL emission was not observed for the solution of 4DP-
IPN- (Supplementary Fig. 10). Of course, other possible pathways, such
as a halogen atom transfer (XAT) by a-aminoalkyl radicals recently
proposed by Leonori et al.”, cannot be excluded. Further investigation
of the excited state dynamics of PC~ and related ConPET processes is
underway.

Discussion

We investigated the formation and degradation of one-electron
reduced cyanoarene-based PCs under widely-used photoredox-
mediated reaction conditions and found that the cyanoarenes
exhibiting both ultra-efficient generation of long-lived T; and
adequately positive E..q4 enabled these PCs to efficiently form PC*-
under mildly visible light illumination. We further investigated (i)
the photodegradation of various cyanoarene-based PCs with
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Fig. 8 | Oxygen tolerance in the dehalogenation reactions. a Proposed
mechanism of the photocatalyzed reductive dehalogenation of aryl halides medi-
ated by ?PC. Here, (B)ET and XAT denote (back)electron transfer and halogen
atom transfer, respectively. b Effect of oxygen for the reductive dehalogenation of
4-bromobenzonitrile with 4DP-IPN as a PC in the presence of Ar (green-filled
squares), air (blue-filled squares), and O, (orange-filled squares). Reactions were
performed with 4-bromobenzonitrile (0.1 M), DIPEA (10.0 equiv.), and 4DP-IPN
(5-0.001 mol%) in CH3CN under the illumination of two 3 W 455 nm LEDs for 8 h.
¢ Experimental (filled squares) and simulated (empty squares) reaction kinetics of
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photoredox-mediated reductive dehalogenation of 4-bromobenzonitrile with 4DP-
IPN (0.03 mol%) under Ar and air atmospheres in a closed glass vial; simulated
(empty circles) reaction kinetics indicate that the BET process (kggr=1x10"°M™s™)
and a slower ET process (kper=4.9 x 10° M s™) are involved. Kinetics simulations
were performed based on the proposed mechanism described in Supplementary
Fig. 15. The rate constants for all processes were evaluated from experiments or
calculations (see Supplementary Fig. 15 and Supplementary Table 7 for the full
details of the kinetics simulation).

different electronic and steric properties and (ii) the photo-
degradation of 4DP-IPN in actual dehalogenation reactions with
different substrates, providing significant insights into the pho-
toredox catalysis carried out by cyanoarene-based PCs. Based on
the in-depth analysis of photodegradation behaviors, we also
demonstrated highly efficient reductive dehalogenation, indicat-
ing that it is possible to significantly reduce PC loading when
photodegradation processes are not involved. We believe that
our work will provide a better understanding of the formation,
degradation, and photochemical/electrochemical features of PC™.
Moreover, our results pave the way to in-depth knowledge of the
reductive cycles and the stability of PCs in purely organic PC-
driven photoredox catalysis, which can be applied to address
many challenging issues in a variety of photoredox-mediated
organic reactions and polymerizations.

Methods

General procedure for generation of PC*

Inside the glove box, a sealable quartz cuvette was charged with PC
(1.0x10*M) and DIPEA (0.5M) in 3 mL of anhydrous CH;CN. After
that, the quartz cuvette was capped with a screw cap and sealed with

parafilm. Subsequently, the reaction was carried out under the illu-
mination of two 3 W 455 or 515 nm LEDs for 1 min at RT. After illumi-
nation, UV-Vis absorption spectra of the illuminated solutions were
measured immediately. In preparation for the reaction, pre-prepared
stock solutions of the PCs were used for higher reproducibility of
results.

General procedure for PC photodegradation

Outside the glove box, a 20 mL glass vial equipped with a stirring bar
was charged with PC (1.0x10™* M) and DIPEA (0.5M) in 1mL of
anhydrous CH3CN as a solvent. Then, the vial was capped with a rubber
septum or screw cap and sealed with parafilm. The reaction batches
were purged with N, (99.999%) for 30 min. Subsequently, the reaction
was carried out for 2 h under the illumination of two 3 W 455 nm LEDs
at RT. Without the work-up process, the aliquots of the crude reaction
mixture were diluted by CH,Cl, and monitored by TLC. In preparation
for the reaction, pre-prepared stock solutions of the PCs were used for
higher reproducibility of results. For the scale-up reaction of photo-
degradation, a 20 mL glass vial equipped with a stirring bar was
charged with PC (1.0 x 102 M) and DIPEA (1 M) in 5-6 mL of anhydrous
CH;CN as a solvent. Then, the vial was capped with a rubber septum or
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Fig. 9 | Results of reductive dehalogenation of various aryl/alkyl halides in the
presence of 4DP-IPN as a PC. Reactions were performed with substrates (0.1 M),
DIPEA (10.0 equiv.), and 4DP-IPN (0.005 mol%) in CH3CN (1 mL) under the illumi-
nation of two 3 W 455 nm LEDs for 6 to 48 h at RT. The gram-scaled reaction was
performed with 4-bromobenzonitrile (3.0 g, 16.48 mmol), DIPEA (10.0 equiv.), and
4DP-IPN (0.01 mol%) in CH3CN (30 mL) with irradiation by four 3 W 455 nm LEDs
under ambient conditions without any degassing. Reactions were performed with
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20.01 mol%, °0.05 mol%, “0.5 mol%, and 95 mol% 4DP-IPN, and ‘illumination by four
3 W 455 nm LEDs. Injection of a total of f1.5 mol% and 3 mol% 4DP-IPN divided over
three additions every 16 h during the course of the reaction. Yields were deter-
mined by GC-FID or "H NMR using 1,3,5-trimethoxybenzene as an internal standard.
All redox potential values were obtained from the literature, where the potential
values were measured against the SCE’>”.

screw cap and sealed with parafilm. Subsequently, the reaction was
carried out for 2 h under the illumination of four 3 W 455 nm LEDs at
RT without degassing process®. Afterward, the reaction mixture
was evaporated under low pressure and the concentrated crude
products were further purified by column chromatography on
silica gel.

General procedure for photoredox reductive dehalogenation
Inside the glove box, a 20 mL glass vial equipped with a stirring bar was
charged with aryl halides (0.1 mmol), DIPEA (174 uL, 1mmol), PC
(5-0.001mol% to relative aryl halides), 1,3,5-trimethoxybenzene
(33.6 mg, 0.2 mmol) as an internal standard for GC-FID and 'H NMR,
and anhydrous CH3;CN (1 mL, 0.1 M of aryl halides) as solvent. After, the
vial was capped with a rubber septum or screw cap and sealed with
parafilm. The reaction batches were purged with Ar (99.9999%) (or
with air or with 0, (99.995%)) for 30 min outside the glove box. Sub-
sequently, the reaction was carried out for hours under the illumina-
tion of two 3 W 455nm LEDs at RT. Without a work-up process, the
aliquots of the crude reaction mixture were analyzed by GC-FID or 'H
NMR to obtain yields of dehalogenated products. In preparation for
the reaction, pre-prepared stock solutions of the PCs were used for the
higher reproducibility of results.

Data availability
The authors declare that the data supporting the findings of this study
are available within the paper and its Supplementary Information.
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